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Serial Number: 10/073,135 Group Art Unit: 1636 

REMARKS 

By the present amendment, the preamble of all claims has been amended to recite a 
non-human mammalian model animal. Further, new claims 9-18 have been added. Support for 
the new claims is found in the original application, in particular on page 21 , lines 7-9 (claims 9-12), 
page 4, lines 1-8, page 22, lines 17-19, page 24, lines 5-6, and page 25, lines 15-18 (claims 13-15), 
page 11, lines 20-23 (claims 16-17), and page 3, lines 21-24 (claim 18). 

Also, the specification has been amended to introduce SEQ ID NOs on page 17. A 
sequence listing in disk and paper form is being submitted with this paper. 

Claims 1-18 are pending in the present application. The claims are directed to a 
non-human mammalian model animal for psychiatric disorders. Claim 1 is the only independent 
claim. 

As a preliminary, in the Office Action, it is indicated that, although priority of Japanese 
application No. JP 2000-1 18288 filed on April 19, 2000 is claimed, no official copy of the priority 
document was filed. 

Applicants submit that the priority document was filed in parent application Serial No. 
09/835,627, as indicated in the application filing transmittal of the present application. Thus, 
acknowledgment of receipt of the official copy of the priority document is respectfully requested. 

Next, in the Office Action, the application is objected to for lack of compliance with 
sequence listing disclosure rules. 

A Submission of Sequence Listing is submitted with this paper. The specification has been 
amended accordingly to introduce sequence listing numbers. Accordingly, withdrawal of the 
objection is respectfully requested. 
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Next, in the Office Action, claims 1-8 are rejected under 35 U.S.C. 101 as directed to 
non-patentable subject matter, on the ground that the term "mammalian" does not exclude humans. 

The preamble of all claims has been amended to recite "non-human mammalian" as 
suggested in the Office Action. Accordingly, it is submitted that the rejection should be 
withdrawn. 

Next, in the Office Action, claims 1-8 are rejected under 35 U.S.C. 112, first paragraph, as 
not enabled. It is alleged in the Office Action that the specification is not enabling for the 
following subject matter: 

1 . A mammal other than mice, on the grounds that ES cells for other than mice were not available 
at the time of the invention, and that targeted insertion using the two other methods mentioned 
in the specification (genomic DNA insertion in pronuclear embryonic phase and retrovirus 
infection of early phase embryo) are highly unpredictable. 

2. A non-homozygous animal, on the ground that the phenotype resulting from mutation of 
heterozygous animals is unpredictable. 

3. A deficiency of function other than complete shutting off of the PACAP gene. 

4. A mouse not having the phenotype described in the specification. 

The rejection is respectfully traversed. With respect to point 1 above, it is submitted that, 
not only ES cell technology, but also other technologies, as discussed in the present specification, 
for example on pages 7-8. Further, other technologies such as RNAi (RNA interference) or 
random integration have become widely available. These technologies are known to a person of 
the art to be applicable to mice as well as other mammals, and even Drosophila or nematodes such 
as C elegans. Accordingly, a person of ordinary skill in the art would have been able to select an 
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appropriate technology, among the technologies available at the effective filing date of the 
application, to obtain the model mammalian animal of the present claims without undue 
experimentation. 

In addition, this objection is also respectfully traversed as it applies to dependent claims 
7-8, which recite a rodent, and a mice, respectively. 

Regarding point 2 above, the position set forth in the Office Action is respectfully traversed. 
Reference is made to the Examples in the present specification, which discuss heterozygous 
^disruption of the PACAP gene. For example, it is explained on page 21, lines 15-18 that 
heterozygous mice showed a reduction in expression of the mature peptide while homozygous 
mice showed a complete disappearance of expression. Also, the behavior of heterozygous mice is 
evaluated (see page 23, lines 7-9, or the Table on page 35, for example). In summary, a person of 
ordinary skill in the art would clearly understand from the original application (i) that the present 
invention can be successfully performed to obtain a heterozygous model animal, and (ii) that the 
heterozygous model animal can be used for its purpose as a model for psychiatric disorders. 

In addition, it is submitted that the objection does not apply to present claim 10, which 
recites a homozygous chromosome of a somatic cell and a germ cell with deficiency of function of 
pituitary adenylate cyclase-activating polypeptide gene. 

Regarding point 3 above, the position set forth in the Office Action is also respectfully 
traversed. The Examples of the original application, which are discussed above with respect to 
point 2, teach that a partial shut off of the PACAP gene (i) is practicable by a person of ordinary 
skill in the art, and (ii) provides results that can be used by that person. 

Further, reference is made to the attached publication Neuroreport 2003, Nov. 14, 14(16), 
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2095-98, which demonstrates successful application of PACAP deficiency to heterozygous 
animals. 

In addition, it is submitted that the objection does not apply to present claim 12, which 
recites that expression of a mature peptide coding sequence of the gene has disappeared. 

Finally, regarding point 4 above, it is submitted that it would be clearly apparent that the 
PACAP gene-deficient animals are useful for studying the in vivo function of PACAP-dependent 
signaling, as described for example on page 3, lines 16-19 of the present specification. The link 
between PACAP deficiency and psychiatric behavior is already studied by a person of ordinary 
skill in the art as discussed in the introduction to the present specification. Therefore, a person of 
ordinary skill in the art would be able to practice the presently claimed invention with regard to a 
variety of specific symptoms. 

In particular, reference is made to the three attached publications Brain Res. 874, 194-199 
(2000), J. Neurosci. 21, 5520-5527 (2001), Biochem. Biophys. Res. Comm. 297, 427-432 (2002), 
and Zan et al., Nature Biotechnology, published online doi:10.1038/nbt830 (2003), which show 
that PACAP deficiencies was conventionally related to psychiatric disorders. 

Further, with respect to heterozygous animal, it is submitted that this animal is useful for 
preparing a homozygous animal, as discussed in particular in the Examples of the present 
specification. 

In addition, it is submitted that this objection does not apply to present claims 13-18 which 
recite a phenotype and/or useful characteristics of the animal. 

In view of the above, it is submitted that the rejection should be withdrawn. 
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In conclusion, the invention as presently claimed is patentable. It is believed that the claims 
are in allowable condition and a notice to that effect is earnestly requested. 

In the event there is, in the Examiner's opinion, any outstanding issue and such issue may 
be resolved by means of a telephone interview, the Examiner is respectfully requested to contact 
the undersigned attorney at the telephone number listed below. 

In the event this paper is not considered to be timely filed, the Applicants hereby petition 
for an appropriate extension of the response period. Please charge the fee for such extension and 
any other fees which may be required to our Deposit Account No. 50-2866. 

Respectfully submitted, 



Atty. Docket No.: 010541A 
Customer No.: 38834 

1250 Connecticut Avenue NW Suite 700 

Washington, D.C. 20036 

Tel: (202)822-1100 

Fax: (202)822-1111 

NES:rep 

Attachments: 5 References 



WESTERMAN, HATTORI, DANIELS & ADRIAN, LLP 




Nicolas E. Seckel 
Attorney for Applicants 
Reg. No. 44,373 
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The present study was conducted to clarify a role of pituitary ade- 
nylate cydase-actn/ating polypeptide (PACAP) and RAGAP type I 
receptor (PAC,R) in learning and memory function. We demon- 
strated long-term potentiation (IT?) in vrvo In the dentate gyrus of 
RAC,R exon 2-defidem (PAGR - ^) mice and heterozygous PA- 
CAP-deficient (PACAP*'") mice using extracellular recording 
techniques. We used two paradigms of tetanic stimulation, supra- 
threshoW and at threshold tetanus, which both Induced LTP in vivo 
in PAC|R~'~ and PACAP mice. However, the population spike 



of at threshold* but not suprathreshokf LTP decreased sig- 
nificantly In ?AQk~ { ~ and RACAP +/_ mice. At threshold DP 
of RfcCAP*' - mice was Impaired greater than the one of 
R\C,R _/ ~ mice. Thus, both PACAP and PAQR could contribute to 
the establishment of UP in a gene dossg*^ dependent manner, 
although PACAP rather than PAQR might play a pivotal role 
in learning and memory hinctioa Neuro Report 14:2095-2098 
© 2003 Uppincott Williams & WSkins. 



Key words: Hippocampus; fn wvo; Long-term potentiation: Mouse; Pioiicary 
activating polypeptide type 1 receptor 



adenylate cTdase-actrritirtg polypeptide; Pteufcary adenylate cydase- 



INTRODUCTlON 

Pituitary adenylate cydase-activaiing polypeptide (PACAP) 
belongs to the vasoactive intestinal peptide (VIP) /secretin/ 
glucagon family and exists in two a-axnidated forms, 
PACAP38 and PACAP27 [1,2]. PACAP is distributed in 
central and peripheral nervous systems and may function as 
neviotrensmitter and/or neuromodulator [2]- PACAP binds 
to PACAP-prefeTring type 1 (FAQ) and VIP-shared type 1 
(VPAQ and VPAQ) receptors. PAC 5 R is predominantly 
expressed in the CN5 and implicates in neurotransmission, 
neurotrophic actions and synaptic plasticity [1], Especially 
the neocortex, the limbic system, and brain stem exhibit a 
Strong expression of PAQR mRNA [3]. 

Drosovhila harboring a mutation in the PACAP-related 
gene amnesiac display deficits In associative learning (4,5]. 
PACAP and PAQR are involved in improving learning and 
memory function in animal behavioral experiments [6,7]. 
Long-term potentiation (LTP) is a long-lasting increase 
in the efficacy of synaptic transmission [S] and is assumed 
to underlie plastic changes associated with learning and 



memory [9,10]. Recently, PACAP and PAQR have been 
reported to play a role in the establishment of LTP in vitro in 
the hippocampal slice preparations [6,ll;l2]. However, the 
functions of PACAP and PAQR in LTP m vivo in the 
hippocampal formations are unknown, and there has been 
no report about LTP in vivo in PACAP or PAQR mutant 
mice. Moreover, the intact preparation for LTP experiments 
is especially relevant because all of the normal connections 
of the hippocampal formation are preserved^ Unking with 
the animal behavioral studies. We showed the difference of 
LTP phototype produced by two paradigms of tetanic 
stimulation, suprathreshold and at threshold, in the intact 
mouse dentate gyrus, and proposed that at threshold 
tetanus which is insufficient to activate the LTP-expressing 
mechanism fully can express LTP similar to suprathreshold 
LTP under physiologically relevant conditions 113]. We 
generated heterozygous PACAP-deficient (PACAP +/ ~) 
mice and PAQR exon 2-defident CPAQR" 7 "*) mice: PA- 
CAP38 expression in the brain of PACAP* /fc mice is one 
third of wild-type mice [151 and PAQR"'" mice have about 
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25% of 125 I-PACAP27 binding density but not a null 
mutation of PAQR in their brain [14]. Taken together we 
speculate that PACAP or PAQR mutant mice might show 
impaired UP in vivo. 

Here, we aim to elucidate the role of PACAP and PAQR 
in learning and memory function by investigating LIP 
in viuo in the dentate gyrus of PACAP +/ ~ mice and 
PAC,R -/ ~ mice using two paradigms of tetanus. 
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RESULTS 

Impaired LTP in vivo expressed by at threshold but not 
suprathreshold tetanus in the dentate gyrus of PACjlC'- 
mtce: We applied two paradigms of tetanus into PACiR _/ - 
mice which we had generated [14], When induced by 
tetanus, the potentiated response was maintained through- 
out the 120 min recording. The population spike of at 
threshold but not suprathreshold LTP decreased in PACiIT '~ 
mice (fig. 1). Hgure la shows representative traces at the 



MATERIALS AND METHODS 

Subjects: Mice lacking PAQ receptor exon 2 were gener- 
ated using 129/Sv mouse-derived D3 embryonic stem (ES) 
cells as described previously 114]. PAQ receptor mutant 
mice were backcrossed for a 10 generations onto a C57BL/ 
6J mouse background and used in this Study. Mice lacking 
PACAP were generated using 129/Ola mouse-derived 
El4tg2a ES cells (done EB3) as described previously [16]. 
The mutant mice were backcrossed for six generations onto 
a C57BL/6) mouse background and used in this study. 
Adult mice 2-3 months old were maintained at 21-24°C on a 
12:12 h lightdark schedule (lights on at 08:00 h) with free 
access to water and rodent chow. 



UP recording in in vivo mouse dentate gyrus: Experi- 
ments were performed on mice in moo prepared as 
described previously [16]. Animal care and handling were 
done strictly in accordance with the Guidelines for Animal 
Experimentation at Kobe University Graduate School of 
Medicine. Briefly, mice were anesthetized with urethane 
(l,2g/kg, Lp. followed by supplemental injections of 
0-2-0.6 g/kg as needed) and placed in the stereotaxic 
apparatus. Body temperature was maintained at 37°C using 
a heated mat (BRC, Nagoya, Japan). A glass recording 
electrode with 9-12 inn tip diameter, back-filled with 0.9% 
Nad was lowered to the cell body layer of dentate granul e 
cells. Initial responses were obtained using a cathodal 
stimulation (6.0-8.0 V, 0.1 Hz, 0.1ms duration) of the 
perforant path. After electrode insertion and population 
responses were obtained, the preparation was allowed to 
stabilise for 90min prior to baseline recording. Voltage was 
reduced so mat baseline spike amplitude was one-third the 
maximum asymptotic value. The LTP-mdudng voltage used 
was the lowest voltage level that could evoke a maximum 
asymptotic spike amplitude. We used two paradigms of 
stimulation, suprathreshold and at threshold to induce LTP 
[13]. Suprathreshold LTP consisted of three trains with an 
inter-train interval of 10 S with each train consisting of eight 
0.4 ms 400 H2 pulses. At threshold LTP consisted of one 
train of stimulation. We plotted only the population spike 
without the EPSP slope because the potentiated change in 
population spikes is similar to that of the EPSP slope during 
LTP in this procedure (16J. At 5 min intervals, the popula- 
tion spikes induced by five successive stimulations were 
averaged and analyzed with a personal computer (Power- 
Lab System. BRC, Nagoya, Japan). Data are expressed as 
mean ± s,ejn. from (ft) Statistical analysis was performed 
using the unpaired f-test between wild-type and mutant 
mice 120 min after tetanic stimulation Differences at 
p < 0-05 were considered statistically significant. 
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Rg. I. UP In vivo impaired by at threshold but not supratfireihold teta- 
nus in the dentate gyrus of PACuV' - mice. Representative traces are 
recorded from the granule celt layer before and after tetanus in 
PAC|R*'* and PAC|R~'~ mice, (b) The time course of PAC<R*'* and 
PAC|R~'~ mice, rt « 5 for each group, Is shown for DO min after tetanus. 
Control of PAQR*'* mice (open triangles) and PAQR"'" mkc (closed 
tria ngtes).Three trains of tetanus were applied at Omin In PACjR mice 
(open squares) and PAC i fcT'~ mice (open circles). One tram of tetanus 
WW applied at Omin in PAC,R*'* mice (closed squares) and PAQR"'" 
mice (dosed cirdes). Each point represents the mean (± J. Cm.) percen- 
tage of basal population tpdec amplitude ii 0 m!n. (c) The population spite 
of UP is rfiown as the mean ± s.e.m_ for 2 h after tetanus (I and 3 trains) 
Irt rttC,R*'* and PAQR"'- mice. 
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indicated conditions. Percent of baseline spike amplitude for 
120 min recording after suprathreshold LTP induction was 
217.S ± 6-8 for PAQR -7 " mice and 222.9 ± 6.6 for PAQR +/ + 
mice (Fig- 10. Percent of baseline spike amplitude for 
120 min recording after at threshold LTP induction was 
186-8 ±133 for PAQR"'" mice and 213.1 ± 124 far 
PAQR* 7 * mice (fig, lc). A significant difference of me 
population spike 120mm after at threshold tetanus was 
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LTP in vwd Impaired by at threshold but not suprathreshoW teta- 
nus in che dentate gyrus of PACAP**'" mice, (a) RepresentativE traces are 
recorded from the granule celt bjrtr before and after tetanus in 
PACAP^ and PACAP*'~ mice, (h) The time course of RACAP*' + and 
PACAP*'"" mice, fl <=Sfor each group, b show for I2Q min a/cer tetanus. 
Control of PACAP*'* mice (open triangles) and PACAP*^ mice (dosed 
triangles). Three trains of tetanus were applied it Omift in PACAP**'* 
mice (open squares) and PACAP* '" mice (open drcles). One train of 
tetanus was applied at Omin in PACAP*'* mice (dosed squares) and 
PACAP mice (dosed ctrdes^ E*ch point represents the mean ± s.e.m. 
percentage of basal population spike amplitude at 0 men. (c) The popula- 
tion spike of LTP b shown as the mean ± itia for 2 S after tetanus (I and 
3 trains) in PACAP*'* and PACAP*'- mice. 



found between PAQR- 7 " and PAQR* 7 + mice (183.5 ± 
11.6% for PAdR- y - mice and 217.9 ± 14.7% for PAQR*'* 
mice; P < 0.05, «=5 for each group). There was no 
significant difference of the population spike 120 min after 



supra threshold tetanus between PAQR and PAQR 
mice (2164 ± 4£% for PAQR" 7 " mice and 220-6 ± 6-4% for 
PAQR* 7+ mice; p > 0-05, «=5 for each group). 



Impaired UP in vivo expressed by at threshold but not 
supra&reshold tetanus in the dentate gyrus of PACAP*'~ 
mux: We applied two paradigms of tetanus into PACAP* 7_ 
mice which we had generated [15]. When induced by 
tetanus, the potentiated response was maintained through- 
out the 120 min recording. Trie population spike of 
at threshold but not supra threshold LTP decreased in 
PACAP* 7 " mice (Fig. 2). figure 2a shows representative 
traces at the indicated conditions- Percent of baseline spike 
amplitude for 120 min recording after supia threshold LIT 
induction was 1972 ± 13 J for PACAP*'" mice and 
2073 + 6-7 for PACAP*'* mice (Fig. 2c). Percent of baseline 
spike amplitude for 120 min recording after at threshold 
LTP induction was 155.6 ±11.2 for PACAP r/ " mice 
and 199.8 ± 94 for PACAP* 7 * mice (Kg. 2c). A signi- 
ficant difference of the population spike 120 min after at 
threshold tetanus was found between PACAP* 7 " mice and 
PACAP* 7 * mice (1575 ± 143% fox PACAP* 7 " mice and 
203.6 ± 73% for PACAP* 7 * mice; p <0.05, n«5 for each 
group). There was no significant difference of the popula- 
tion spike 120 min after supra threshold tetanus between 
PACAP*^ mice and PACAP* 7 * mice (1925 ±125% for 
PACAP* 7 " mice and 205.8 ±43% for PACAP* 7 * mice; 
p > 0,05, »=5 for each group). 



DISCUSSION 

For the first time, the present study demonstrates IIP 
in vho in the dentate gyrus of PACAP-mutant (PACAP* 7 ") 
mice and PAQR-defident (PAQR" 7 ") mice. PACAP and 
PAQR are widely distributed in the brain and involved in 
me regulation of many neurotransmitters and neuropep- 
tides: in the hippocampal formation, PACAP^mtaining 
neurons and PAQR were abundant [2]. The hippocampal 
formation, which is a center for learning and memory, 
receives many neural projections from other regions of the 
brain [17]- These findings imply that learning and memory 
could be affected by PACAP and PAQR present on not only 
hippocampus but also other regions. Thus, it is important 
and indispensable to investigate LTP by in pivo procedure to 
understand the role of PACAP and PAQR on learning and 
memory function more precisely- The PACAP" 7 " mice are 
born in the expected MendeHan ratios, but have a high early 
mortality rate and ~50% of the PACAP" 7 " pups die of 
unknown causes before weaning [151. The surviving 
PACAP*" 7 " females exhibit reduced fertility, which is partly 
due to reduced mating frequency, and show inadequate 
maternal behaviors D8]. Gray et al [19] also reported that 
targeted deletion of PACAP is associated with an extremely 
high mortality rate. Thus, we can not help using PACAP* 7 ' 
mice in this study because of being impossible to maintain 
the number of PACAP" 7 * mice necessary for LTP in vivo 
experiments. 
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PACiR is localized in the granule cells of the dentate 
gyrus [20,21], suggesting the involvement of PACjR In LTP 
in the dentate gyrus* Indeed our findings showed that at 
threshold but not supra thresh old LTP in vivo was signifi- 
cantly impaired in the dentate gyrus of PACiR _/ ~ mice 
(Bg. 1). In view of the two paradigms of tetanic Stimulation, 
at threshold LTP might be impaired under physiologically 
irrelevant conditions like mutant mice, whereas supra- 
threshold LTP in which the LTP-expressing mechanism 
i$ activated fully might be not changed. Moreover, 
one possible explanation for mis result is that PAQR" 7 " 
mice have about 25% of **1-VACAP27 binding density in 
the brain [141, leading to a gene dosage effect of die 
mutations in the PAQR locus on LTP, and the other is that 
VPACiR and/or VPAC 2 R might compensate for PAQR as 
they are present in the dentate gyrus, through which 
PACAP stimulates cyclic AMP production with a potency 
similar to that for PAQR [2] Otto ef al [6] showed that 
VPAQR and VPAQR were not up-regulated in PAQR _/_ 
mice. The finding that LTP in vitro was not impaired in 
the dentate gyrus of hippocampal slice preparations of 
PAQR -/ " mice [61 was consistent with suprathreshold LTP 
in vivo in PAQR~ 7 ~ mice (Fig. 1). Interestingly, PAQR"'" 
mice showed just a mild deficit in performing on memory 
tasks (22] and a selective deficit in a hippocampus- 
dependent associative learning paradigm [61 supporting 
our LTP in vivo findings. Taken together, the role of PAQR 
in LTP is subtle and it is suggested that PAQR only plays a 
limited role in learning and memory. 

There have been no reports about hippocampal LTP 
in vitro and in vwq in PACAF-mutant mice. However, a high 
concentration (luM) of PACAP38 induced a long-lasting 
facilitation similar to LTP in the dentate gyrus of the 
hippocampal slice preparations 111] and PACAP38 expres- 
sion in the brain of PACAP +/ " mice was one-third of 
PACAP** 7 * mice 1151, leading to the possibility that the 
decreased expression of PACAP in neurons of PACAP +/ ~ 
mice contributes to impaired LTP in the dentate gyrus. 
Indeed, at threshold but not suprathreshold LTP in vivo was 
significantly impaired in the dentate gyrus of PACAP +/ ~" 
mice (Fig- 2). One possible explanation is that a sufficient 
amount of PACAP is released by suprathreshold but not at 
threshold tetanus of the perforant path in PACAP"*"'" mice, 
supported by the existence of PACAP containing neurons in 
the entorhinal cortex projecting to the dentate granule cells 
via the perforant path [73]. It remains to clarify another 
possibility that the decreased PACAP in postsynaptic 
granule cells might be involved in the induction and 
maintenance of LTP, as the granule cells in the dentate 
gyrus contain large amount of PACAP [23]. Moreover, 



at threshold LTP PACAP"'" mice were impaired more than 
PAQR"* 7 " mice (Fig, 1, Fig. 2), suggesting that a contribu- 
tion of PACAP to LTP is greater than that of PAQR. 
PACAP38 unproved the learning and memory processes in 
a passive avoidance paradigm by dopaminergic adrenergic, 
and serotonergic mediation 17]. PACAP increased choliner- 
gic activity at the level of the septohippocampal projection, 
which plays an important role in learning and memory [24]. 
Taken together, it is suggested that PACAP play a critical 
role in learning and memory in cooperation with other 
mediators (e.g. neurotransmitters). 

In conclusion, PACAP rather than PAQR play a pivotal 
role in learning and memory function although both PACAP 
and PAQR contribute to LTP. mterestingly, a gene dosage 
effect of the mutations in the PACAP or PAQR locus on 
learning and memory function is also suggested. The 
ultimate mechanisms of learning and memory underlying 
PACAP wiU require further study. 
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Abstract 



J££^j£%££Z If 3 * ? passive ^ktmcr l^mins w .negated PACAP-38 w« *hnini«e«d 

2^2^nl 1*" ^"7 aV0idanCe re ™ ^ n^ed 24 h late,. In order to «udy «he po„,b, e 

SL^^STS^^ * CliM1<rfPACAPon ^ «-"Htaw of^.ve avoids learning, ,h7anun£ were 

SSlSl^ZSES,* £" ^ 2V0ida,1C8 reS P° nSe - ^ fo^S tetptor Woeken attended the action of WM*T2 

* «WV?f synAaae) ttcreby inhiWdng ,be fo^suon of NO from t^gi™^ complete* 

MKfcdJhe^ o'fACAP 35 ofl eolation. The following receptor blocker, were ^effective: naloxone bieJE^R 2 
SoTrpl^f^r PA ^n R " ^ ta-d-.--™*, processes in , passive •^d^5£T? £ 

££^JS£f.3 "T^l /° r Unp °' C>m mediatos alpha- and beta-rircnergfc n^tfi^K™ 

£££ modified tbti action of PaCaP 38, but ihey arc probably no, of great importance. © 200O.EI«£icr Sclent BY 



Ttvme: Ncorx«raMmincfj, feoduIimnL ittnspcncnt, And trapta* 

r^r; Peptides: oniony and pfaysUotogy 
i 

K*y*ordt; fACAP; Fudvc ♦voidanec learning; 



1. Introduction 

The pituitary adenylate cyclase activating polypeptide 
(PACAP) was isolated first from the ovine hypothalamus. 
It was found to contkin 38 amino acids; a truncated form 
with 27 amino acid residues was later identified by 
Arimtira and his coworker* [25.26]. These peptides 
stimulate CAMP acxiuTnulaiion in anterior pituitary cells, 
neurons and astrocyte f 14]. PACAP 38 and 27 have been 
demonstrated in a qurabcr of brain regions, besides the 
hypothalamus: the Upturn, the thalamus, the amygdaloid 
complex. &e hippoeimpos, various regions of the cortex 
and in the certbellum (2.9J2,lg.i9,23J5J. At least two 
types of specific restore have been isolated and char- 
acterized: the PACAP I and PACAP n receptor*. The 

*C6maqiondiog author. Tel.: +36-62^420^51: fax: +3642-420451. 
E-mail address: tctee^^n^ph-SlWeai-kzc^cdhu (G. Tclepjy). 

O006-8993/0Q/S - s« fro™ matter * 3000 Ek*vw Sc*nt< B.V All rights 
Ml: S00o6-fi993(u0)tm79-8 



PACAP I receptor is specific for PACAP. while the PACAP 
H receptor ean bind both PACAP and VTP. The PACAP 1 
receptor is abundant in the brain [29 30). The wide-ranging 
distribution of PACAP and its receptors in the brain [72] 
OTggesl that PACAP might have other important ftinciions 
in the central nervous system in addition to its hypo^ 
physeotropic aciion. 

PACAP given icv increases motor activity, counteracts 
leseipine-mdueed hypothermia [24], depresses the food 
[27] and water intake (8], and might be a potent controlling 
factor in (he proliferation and/or differentiation of the 
granule cells in the cerebellum f4J. 

2, Methods 

2.1. Animals and surf>cr> 

The experiments were carried out on male Wistar rats 
(LATl Godollo, Hungary) weighing 140-170 g. The 
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animals were kepi and handleji during ibe experiments in 
accordance with the instructions of lite Albert Szent- 
Gyorgyi Medical Umversity iEuYjcal Committee for die 
Protection of Animals in Research. Five animals were 
housed per cage in a light- and temperature-controlled 
room (lights-on ai 0600 and off at 1800 h 23°C) unci had 
free access to food and water. For administration of the 
peptide, a stainless steel cannula with an external diameter 
of 0.7 mm was stereotaxicaDy implanted into the right 
lateral brain ventricle, ai a point J .0 mm posterior, U mm 
lateral and 3.5 mm vertical, as described by PeHegrino et 
al [28]. For anesthesia, barbital sodium was used (Nem- 
butal 35 mg/kg ip). The canWa was fixed with dental 
cement and acrylic resin. Tfrc correct location of the 
cannula was checked by dissecting the brain following the 
experiments. Only experiments involving correctly located 
eaomslae were evaloaied. All ^periments were performed 
in the morning period. 

12* Mmertols 

PACAP 38 and PACAP $-38 were purchased from 
Bacbem Calif, and were administered jcv in a volume of 2 
ul in different doses. For blockade of the enzyme ninric 
oxide synthase, nicro-L-arginipe (Sigma) was used in a 
dose of 5 ug in 2 ul volume, injected into the lateral brain 
ventricle in freely-moving rats via a chronically implanted 
eannule, 1 week following ipiplantatjon. The dose was 
selected on the basis of earlier experience [34). 

The following receptor blockers were use/1: propranolol 
hydrochloride (Id Ltd., Macclesfield, UK), 10 mg/kg ip: 
naloxone hydrochloride (Endoi Lab. Inc. New York, USA), 
03 mg/kg: bicucuHine metfiiodide (Sigma. St Louis, 
USA), 1 mg/kg ip, nitro-L-arginine (A^w-mtio-L-arginine, 
N'hJA, Signia-Aldrich, Budapest, Hungary), 5 ug icv); 
halopcridol (G. Hkhter« Budapest, Hungary), 10 ug/kg ip; 
acropine sulphate (EGYS, Budapest, Hungary), 2 mg/kg 
ip; pbenoxybenzanixne hydrochloride (Smith, Klein and 
French, Herts, UK), 2 mg/kg ip: and methysergide bydro- 
genmaleate (Sandoz, Basle, Switzerland), 5 mg/kg ip. The 
doses of the receptor blockers were selected on me basis of 
earlier experience as being effective when administered 
with other neutt>peptides,but tnot affecting the paradigm 
per sc (31). 

13. Pasiiv* avoidance behavior 

For the study the passive avoidance learning, the method 
of Ader ei ai. was used [\]\ Briefly, the animals were 
trained m a one-trial learning passive avoidance apparatus, 
which consisted nf an illuminated platform attached to a 
dark box. On the first day, the animals were trained to 
move From the illuminated platform to (he dark compart- 
ment mne* times. On the following day, after the second 
entry, the animal in the dark companment received an 
unavoidable shock (0.5 mA for 2 s). which was delivered 



through ihe grid floor of the companment. The animals 
were tested 24 h later. 

In order to study the action of the peptide. PACAP was 
given immediately after the learning trial (consolidation) in 
a dose of 500 ng or 1 ug and the animals were tested 24 h 
later, before the learning trial (learning) and 30 min before 
the 24-h testing (retrieval). 

14. Statistical anntyxbt 

Pot statistical evaluation of the data, the one-way 
analysis of variance (ANOVA) test followed by me 
TUKEY lest for multiple comparisons with unequal cell 
size was used. A probability level of 0,05 was accepted as 
afcatistically relevant. 



3. Results 

Effects of PACAP on the consolidation of passive 
avoidance learning are demonstrated in Fig, 1. The doses 
of 500 ng and 1 ug of PACAP given lev immediaicly after 
the learning trial,, with tests 24 h later, increased the 
passive avoidance response in a dose-response manner 
(500 ng and 1 ug, P<0.05 v S , control, ^(3,66)=3.49). 

In order to study the action of PACAP on learning, 
PACAP was administered icv in a dose of 1 ug 30 min 
before the learning trial (Fig. 2). PACAP 38 increased the 
latency of entry, and facilitated the learning processes 
(P<0.05 vs, control, i=XM2)=25.02). 

When the action of PACAP on the retrieval was 
followed, the peptide (1 ug) was administered 30 min 
before the 24-h lasting, The PACAP pxetre&troent 
lengthened the passive avoidance response, and thereby 
factfttaud the retrieval processes </*<0.05 vs. the ooniroj, 
^(!,42)=35.11 f Fig. 3). 
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Fig. I. The effects tfrfferem dos&s of PaCaP 38 on ihe consolidation of 
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Hg. X The effect of PAfcAP 3d on the learning Of passive avoidance 
Wrtvjut. The values we nican=S,e.M, Number hi bar* represents the 
number of animals used. ' 

In previous scadiesj we have demon straxed that a number 
of nenioowsmtaera j can be involved in che action of 
different neuropeptides [31]. In order to study the in- 
volvement of dopajniflergic transmission in the consolida- 
tion of passive avdidanee learning, the animals were 
pretreated with haloperidol (10 ug/kg ip) immediately 
after the learning triaj5. 30 min before PACAP administra- 
tion. Haloperidol attenuated, but was unable to block the 
action of PACAP <f?g. 4, F(3,113)-7.84), PACAP P< 
005 vs. the control.! There was do significant difference 
between the PACAP Jmd PACAP+balopendol groups and 
no significant difference berween the conorol and PACAP+ 
haloperidol groups. Tnus, dopaminergic mediation is only 
paniy involved in die action of PACAP. 

The same was true 'for phenoxybenzamine (2 mg/kg ip), 
PACAP vs. Hie control and phenOXybcnzamine (jP<0.05, 
FC3,72)=3.4A). The ! results of the combined treatment 
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□cBalM { lag) Bllat ( W ag/kg ) @ftOJt + KaL 

4. "The effect* of Haiopdriool (10 ug/kg ip) preaeaimem cm the 
action of PACAP n on (he eercoUdatfc* of passive avotdwee behjvicw. 
The value* are mean: S. CM. Number in bars represents the number of 
wriwwU ucod. AWwBvaUoa: PA.C^3fi-?ACAP 38. Hal. - haloperidol. 

PACAP + p^ooxybenzarnine, did not differ statistically 
from those for the control and PACAP (fig. 5). 

Propranolol a beta-adrenergic receptor blocker (10 rag/ 
kg ip) f displayed a similar profile. PACAP vs. the control 
P<0.0S (7X3.72)=3.49). No significant alteration was 
observed between PACAP + propranolol and the control 
and PACAP+prOpranolo! and PACAP (Fig. 6). 

MeTbysergide (5 mg/kg ip) also attenuated the action of 
PACAP, but was unable to block the action of PaCaP 
(PACAP vs. the control ^<0.05, /X3, 82)- 5.38). No 
significant alteration was observed between PACAP + 
methysergide and the control and PACAP+methysergide 
and PACAP (Hg, 7). 

The antagonist of PACAP 3o\ PACAP 6-38 (4 u£ icv. 
before the PACAP 38) completely blocked Che action of 
PACAP 38 on consolidation (PACAP 38+PACaP 6-38 v$, 
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Fig. 3- Tlic efftco of PACAK IK oo fhc retrieval uf pawivc avoWine* 
behavior. The value* are mean =$. ELM. Number in bare represent the 
number of animah used. 
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R*. 5. The effect at phenoxybenuminc (2 m^/Vg) pretrcsimenl on the 
■crion of PaCaP Jfi on ihe consul idahon of pollive avoidance behavior. 
The valoe* are mcan±S£_M. Number in bare represcnii ihe number of 
animate used Abbrcvatxro; PAC.-3fl=RACAP 38. Phcn.** 
phencjiyhciizamioe- 
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Pig. 6. The effects of propranolol (lb mg/i^) pftbtwmerii on the actio a 
of FACAP 38 ou ifae cvnwltaiaon of passive svc»4ance benavtar. The 
values are mean±$.£.M. NumbeV in blra represent* the number of 
i used. Abbrc»acion: PAC.-38WACAP JS, Prop -propranolol 
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PAd-"3S ( 1 tig ) ©PAC. * 38 ( 4 uj ) ilpAC- 38+4-38 «*■ 

Bg. ft. The effects of PACAP 6-3S (4 ug kv) prctroancBt on th* 
of PaCaP 38 on rhe ceniolidatian of passive avoidance behavior. The. 
values ore mean±SJ£LM. Number in bare repeat cos. dte number «f 
animals used. Ahbrcvadon: PAC-38-PACAP 3R, PAd 6-38=PACAP 



PACAP 38, P<0.05, F(3J4o)=lL74, fig. ?). proving 
fbat PACAP 38 does indeed act on the PACAP receptor. 

We tested whether the action of PACAP can be blocked 
by nitro-L-argmine, The dose of nitro-L-arginine was 
selected on the basis of previous experiments; 5 ug was 
given icv (34). In order to establish whether, by blocking 
the NO synthase, nitro-L-argiitine, can prevent the action of 
PACAP on the consolidation of passive avoidance learn- 
ing, the animals were prelrcaied with ouro-L-arginine 
immediately after ihe learning trial and PACAP way given 
30 min later, The action of 1 ug PACAP was blocked by 
NO synthase inhibirion (PACAP+nitro-L-arglnlne vs. 
PACAP, PO.W, ^(3^=3,49, Fig. 9). NO may act as a 
possible mediator of PACAP action, which can be involved 
in learning and memory proved***. 

Pretrcatment with atropine;(2 rag/kg ip), naloxone (0,3 



tag/kg ip) or hkuculline CI mg/kp ip) was ineffective 
(data are not shown). 



4. Discussion 

It was concluded that PACAP given icv is able to 
improve the learning, the consolidation of learning and the 
retrieval of learning in a passive avoidance paradigm. The 
action is mediated by the PACAP receptor. The NO 
synthase inhibitor nino-L-arginine prevents the faciluaiory 
action of PACAP on consolidation processes, demonstra- 
ting that NO could be an important mediator in the aerion 
of PACAP. 

In the facilitatory action of PACAP on consolidation, no 
cholinergic, opiate or GABA-ergic mediation is involved 
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Fig. 7. The cffccU of mohybCfgide (5 mg/l&J prct'earmem On die action 
q( PaCaP 3H on tke consolidation oi passive avoidance behavior. The 
value* are me*nrS>E.M. Number in bare represents I he number of 
anim&k used. Abbrevaiion: PaC-38=PACAP 38. mem=rnediy*cT|MU , e. 
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The faci Out dopaminergic, alpha- and beta-adrenergic an d 
serotonergic receptor i blockers partly blocked the action of 
PAPAC suggests, tha< these transmitters might be involved 
in some component learning and memory action of 
PACAP (motivation arousal, fear etc.), but their mies are 
probably not higMy iignificam. 

Thar PACAP might be involved in learning processes 
was indicated in the work of Yamaguehi et aL [36]. who 
demonstrated thai Scopolamine induce^-i/npairmenl in 
^^^^^ F° uld corrects by treatment with 

The question arises of whether PACAP *c« via die 
involvement of nearoiransmiaers, or whether other medi- 
ators (e_£. iieuropept^des), couJd also he involved in this 
action. It has been 1 shown that PACAP can stimulate 
ACTH secretion [13], increase the • immimoreaoivhy of 
CGRP Jo vitro in tiha dorsal root ganglion [20], and 
ainmlaie atrial natriuretic peptide (ANP) secretion from 
cultured neonatal rai myocardiocytes [5). 

We have revealed that these peptides can also improve 
learning and memory formation in an avoidance task for 
ACTH f3], CGRP [15], and ANP [*]. All these peptides 
can improve me memory and teaming processes. However 
there are both similariries and disKhnilarities in their 
actions. | 

ACTH can facilitate passive avoidance behavior [21], 
while it delays the extinction of active avoidance behavi or* 
[31. Most of the behavjioral data indicate that dopaminergic 
transmission could be involved in this action [10,1132.33]. 
In our experiments, jfte cholinergic and dopaminergic 
systems are also involved in the extinction of active 
avoidance behavior sfcee ims action can be blocked by 
atropine and haloperidU 0]- When the evidence is consid- 
ered overall, it might; be conceded that ACTH is most 
probably not Involved in the action of PACAP, since 
haloperidol has only attenuating action, while Atropine did 
not block the action of PaCaJ? in die paradigm used. 

a? regards (he possible involvement of CORP in 
mediation of the action of PACAP, CGRP can also 
improve learning andj memory formation and retrieval 
processes in the samel passive avoidance paradigm [15]. 
Propranolol naloxone, methyser^de and nitro-arginine 
were effective in blocking the action of CGRP. whereas 
phenoaytenzamine, bicuculline and atropine were ineffec- 
tive f 16.17J. If we compare the actions of PACAP and 
CGRP. most of the ineffective iransmiitcns such as at- 
ropine and bicuculline, were ineffective in both cases, 
while naloxone was elective againis CGRP and ineffec- 
tive againts PACAP, and propranolol and methysergide 
displayed weak action againts PACAP, but a strong action 
asaints CORP. Haloperidol exhibited weak action ag*mt> 
PACAP and no action against CORP. These findings might 
indicate (hat CGRP could be partly involved in mediation 
of the actiort of PACAP. 

AS regards the action of ANP, ANP acted only on 
learning and the consolidation of memory processes, bm 



had no action in retrieval. j n contrast with PACAP (7J. The 
transmitter involvement in the ANP actions of haloperidol. 
abropmc blocked the action of ANP, while phenoxyben- 
fcanine, propranolol, naloxone, bicticulline and methy^r- 
gide were ineffective [7]. Since this profile differs very 
much from that of PACAP, if is not likely mat the action of 
PACAP is mediated by ANP. 
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2^™ST* ff * C1) ? 8 ^Pfww-ootvloi receptor bmdifx, 
conserved neuropeptide RACAP with TOOO-foM 
^^°«™jy^> ^fted peptide vasoactive Intestinal 
P^a^CI-madirted signaling haa b*™ Impficated in neu- 

Sl^SSl*^ P" 8 **** To gain further in- 

aflht Imoj the biological mgnlfeance of PACI-medlateq Starvsl- 
w^i^. wegenemiM two different mutant mouse strain! 
tobgng either a complete or a forebraln^eoite Inactivatlon 

Mu^ from both strain} ^how a «efle» in contextual iter 
«2£?»9. aNppocamp^ -ssoclafiv, learning 
paradigm. In sharp contrast!, amygdala-dependant Cued IcZ 



The pituitary adenylate cyclase activating polypeptide (PACAM 
setivate wvemi ,e«md messenger* most imperially the adenyt- 

vMMcbve intestinal peptide (VIP) (Shivers e( ,1, 1991) 
Unkto PACAP type II receptors VPAC1 and VPAC2, whE 
woaS^preaed in petiph^t (jauea luc h aj hnt liver, and 

FACJ is predominantly etpfessed in (be CNS. Especially the 
neocortex, ^ limbic syston. pad «he brainstem eSa «ro« 
SETS? rtWdeMB U96a ; o«» « ,3? 

trophic actions, neuronal differentiation, and synaptic ptajdtr 
express is restricted wKfce granule cells ofX3e gyrus, 

"««i»od P* J. 2D00! M V ?J J»l: ttt*ccd KtylMoT ~~ 

^mwiSTwn^^ An K ?- Kurai. tod 1. Borrfel* for tahweal 

£hS*iiJE3ft F,w mm HdA ^ 



Wn^T 9 ^!l ta1tect WBrast,n 9'y. no deficits m other 

f^,™f*l^ V ?.' Cf ma2e ^ lhe SO^ transnosalon of 
food prefarance ere observed. At the cellular level, the deficit in 

^^^!? e ^ 6^, associative lenmino « eccompanled 

B«sauae*e hippocampnl expression of PACI la (estrteted to 
moaay fiber terminals, we conclude that Dreavnaotie pati 

bothLTPand ^ocampus-daoendant aasocialivs teaming. 

/fty wonfe: RftCAP fyps / ree^pror: knock-oul m,ce- fear 
Conditioning; synaptic plasticity; LTP: mossy fiber 



™ J^l P?«to atoned ib ^ . 

^fibcrtennmnfe « (Otto et al.. 1999). Tnere is, th^ l^Zk- 
abte eoinadence of the presynaptic expression of PACl and the 
^" t?^!* 16 ° feale , ium « nd «AMP in synaptic transe^ 
Si ^1- TS" pc,cnti4tion < LTP ) w hippocampaJ mow 
toertenmnab tjfuaos ei al., I99 4. Wei«icopf enMW This 

«i «e FACA^eUted gene nnweriac dispUy deficits in associa- 

S h,to " * ^ W9) * U88C " 9 P^'^* role of PACl 
in learning and memory. 

Two Mel i of ( information stotage have boon idqncmed in che 
memmauan brain: declarative and noadedarative memory and 
teaming, fa comrasl to the phytogenetically younger declarative 
Mrning, assooauve [earmng ( a iiublype of nondeclaralive learn- 
«0 fa steady wen developed in invertebrates (Milner et al.. 
1998). The hippocampw seems to play a pivotal xole in the 
^ k,ne "' erra mtmt y in *ln»« all declarative (Milner 
; , ^ P'wdignu and at least one associative learning 
model, U coMcatnal fear conditioning (Kim and Fan*lo^ 
£92: Phibps and LeOmw. 1992). it is g^ncmliy accepted. a|- 
tbcmgh not yet formally demnnsrrated, that acUvity^epende,,, 
parting changes in ^naptic strength, particularly LTP, rcp- 
celluUr ba«s far the co.«olidaiio n of long-term ment- 
ory Swansonetal, 1982). Within the hippocamp« ^^rhiee types of 

T"™ 0 ?" 0 *}*** USin L S « lb » mate « Aeororransmitrer are 
known: the perforani-pmh synap^, ,he mossy fiber synapse. an d 
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die Schaffcr collateral. iLTP at Scheffer collate ral and the 
perforani path synapses' is initiated poscsynaprjcally by An eoiva- 
tioo" Of NMDA recepttwvwtuct) leads Co a postsynaptic calcium 
rise and activation of ^khini-eslmodulliHtepeiulem kinase n 
(BU« and CoOingridgc,; 1993). LTP at (be mossy fiber synapse is 
dsrincriy different 60 m LTP at the other hiptxxampal synapses. 
It is NMDA receptor-Independent and require* a presynaptic 
calcium rise (Nlcoll aadjMalenka, 1995), flhJch kad* via calmod- 
ulin to an activaticn' of Adenylate cydasw and PK A (Haan£ U al, 
1994; wefeskopf ct all 1994). To addict the role of PAC1- 
mecfiated stgnafing in synaptic plasticity and learning and men*- 
qcy 9 we generated two] different mutant mouse lines harboring 
either a corapitte Of a prebrain^pedflc inactivaoon of PACL 

MATERIALS AMD METHODS 

Generation cfmia. We modified dio PACt Incus m embryonic stem (ES) 
nails (ET14/1) as described (Oxi et ej M 1*04> The Urged** vector was 
cowrriicted from isogenic DNA (Kaeetner el aL. 1994). The upstream 
tazP site, together with an, additional Xba\ site was rntroddced Into the 
fatten preceding eton 1} using overlap PGR. The targeting vector 
c o n s isted of a 3 5 bh SMufeiology arm carrying exoas 7-10 of die 
gene, followed by a 033 k 1 BamHiUfndm fragment encompass! 03 the 
unaream ksP sue and eae 1 11. The selectiui cassette fiae^ by two fanP 
sites was introduced do*e«ream 0/ the Ja/nHItfrmdm fragment The 
r-honolagy wnwaia^to /find CI fragment. After transection of ES 
ccOa, G41hV(esismat dnaefc were analysed by Southern him using probes 
from ourirfo the homohjgy anna. Homologourty reeombuied done* 
(frequency of homologous recomtri nation was 129a) were tnuisfentiy 
traDSfected with a Cm expression plasmid (20 us), and subclones vera 
selected In che presence of gancyclovlr (1 p*r). h& carrying thtPACr 
or PACt"" alleia were derived by blastocyst injection. 

For generation of CaMKCrei mice, nbCre has been cloned Into a 
CaMXUer vector, as described previously (Kdleedofik et al M 1999). 
linearized pMM4B-Cro insect DNA was Injected into the pronuclei of 
C37BL/6 oocytes, and several transgenic lines were obtained. In the 
CaMKGtt tine, Ore reeqnmraase express ion pattern ens denned using 
an aou-Cr* recorabinase awtbody (KeHendooh et at,, 1999). In 30% of 
the PAC Ctmx£g ^ L mice, tnosafc Insetivation of mo Cf« reenmbiaase 

irtosgcoc was observed. Those mice ware idemtOed pctimorkm imwu- 

notwsto di e uri c w lly and exdluded from the mans. 

RNaxt pwahn analysis and io riiu hybridkaUcn. RNasc protection 
analysfe and 01 «&o hybridation were performed as described previously 
(Otto et at, 1999). Probes luted in RNase protection analyst) were: PAC1 
[nucleotides (et) 637-1037 Of the murine PACl cDNA] (Hashimoto et 
aL 1996b). VPAC1 (at 1-232 of me murine VPaCI cDNA) (Johnson et 
al, \99€U end VPAC2 (at 106-446 of the murine VPAC2 cDNA) 
(Inasakl et aU 1994). ) 

EbctrcphfSi6to%y. ruppocnmpal slices (300 pro thick) were prepared 
ifom 4- to 6-wee*-oW mice. Slices were incubated at 33"C in oxygenated 
standard solution lor at Wan \ hr before transferriaa them into the 
recording chamber. The standard Solution contained (in (DM): 123 NaCl, 
*5 or 3.S KCI, ICaClj, U MgCl* 1.Z5 NaHjPO* 26 NaECO*. and 20 
gtacose, bubbled with 95% and 5% CO* Whok-ccU record™* were 
poHbnned in the presence of bkucuUioe (10 um). For the recordings Of 
EPSCi at moan/ fiber synapses (M F-EPSCi), the coowotraikn of CaCk 
vis raised to 3 mx. and 100 jm tn> AP-5 aim U naiCrn}X were added 

to prevent e pi ^p tifonn aUivity. The MF-EPSCs were recoxded at a 
holding potential of -70 mV. During the test period, mossy fiber* wore 
Sdmtdatcd every 20 tec using glass ptoettes (containing 1 at NaCl) fflai 
were placed in stratum tufjdum. LTP of the M F-BPSC was produced by 
1 train taarina 5 sec »<*C (Kit odnnniatcred at eootrol stimulus intensity 
(Casulm et aL. 1997). Ad me end of the recordings WA^/p'*)* 
(^ioncaiboaye^ejoe^lyd^ (DCG-IV; I pju). a ^pccxAc aeonkt of 
the neurotropic gluamale receptors (mOJufts) of die group 2/S subtype 
spcciucally expressed in +**sw fiber cerminab but not at assodarional- 
commissural ryntpsea (Vokoi el al n 1996; Castillo et at. 1997), was 
added to the bam to asset* the mossy fiber component of the recorded 
EP$C In addition, M F inputs were ideqtmcd by their distinct properries 
concerning, paired-pulse ftwhtatwo (PPF) k rrequcocy facilitation and the 
fast rise time of the EPSCs (Claiborne ct aL, 1993; Satin ct ai, 1996; 
YeckeJ et aL 1999). To evoke EPSO in the granule cells, the ghss 
electrode w*s positioned in the outer third of the molecular hiycr of the 
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denuie gyros, mereby rUmulatiH£ preferentiaQy the lateral perfarani 
path (LPP). The lost stmnot wore ddivcrod every IS**, and the fiPSCs 
were recorded at a holding potential of -70 to -80 roV. LTP was 
indweed by Ova hunts of stimuli (10 sec at 100 Ha) delivered at interviil 
of 15 sec, whereas the whole-cell amplifier was switched to the earrent- 
elamp mode, and the holding voltage una ?et to -SO mV. 

Whole-cell reen*ditu£ were performed using en EPC-9 patch-damp 
amplifier (Helen. Lamtacht. Germany) The pipette solution contained 
(In mat): 140 K^uconaov, 10 NaCl. 2 Mg-ATP, 2 Na^-ATP, 0.4 Ma a - 
OTP. 10 K-HEPES, 10 phosphocreatine. and ai Oregon Green 4*fi 
BAFTA-L The pK was adjusted to 7.3 with KOH. The fluoresce qi 
irtdlcatnr Oregoa Green 488 BAPTA-1 was included to acquire can focal 
images of dm recorded CA3 pyramidal cells, ennnrming their identity. 
The piperte resistance ranged front 3.5 to 7J MO. and the series 
resistance from 11 to 2S haft for recording from CA3 cells and 25 10 50 
MO mr recofdiflfs ttom granule cent. No series resfnaoce compeosstion 
was applied. The recordings from (be granule ceUs wkh a scries resJa- 
tance <2S Mfi Wert discarded far the reason thai the induction of LTP 
was not reliable, perhaps reflecting the "washout Of LTP" in whoJc~ecll 
coango ration. The erperinients were performed either at room temper- 
ature PMtfQ MF-LTp, MF«PPF, and MF- poat-tetank potentiation 
(PTP)lorat 30-^2*C (PP-LTT). PPF was denned as the percentage ratio 
of tbeEPSC in response to the second versus mat cowincd with the first 
stimulus, The Intendxnulus Interval was 00 rnsec. PTF was measured as 
a ratio of the mean EPSC amplitude averaged over the first minute after 
the condiuoning teranus and the mean amplitude of the con trot EPSC 
recorded before chc oceanic sdreuladon. 

Behtdoml gtudiex "We matched mutant and control mice for sex and 
age and hooted Uaorv^OOS COgeiher. Dam wo^o analyred by Student** r 

test, and ie$ur»ai« depicted as mean s $EM for direct comparison of 
boch mutant mouse strains, oil experiments of this study wore performed 
on the same poetic cadOjrOuad, Uk, 75% C57BL/h7255& 129 Ola, 

Social tn mtmiuiu n tiffvod pntfirvm*- The «pcbt tranamittion of food 
preference was performed as described previously (Ga» et a|^ 1998). 
Tmrarut; and testing of once was comprised of three main stages. First, 
a demonstrator arouse was allowed 1o eat powdered ground chaw aecnted 
with either ctjjnamon {\% »/w) or cocoa (2* w/w). Seoond, the dem- 
onstrator mouse and lictcfmare observer mice (mnmciy-testcd mice) 
ware allowed to freely interact for 10 man. In the third phase, observer 
mine were tested for mod preference 24 hr after die interaction session. 
Each manse was given a tree choice between two mod Cups With Cinna- 
mon or cocoa, respectively, for 2 hr. Afterward; the amounts of cued and 
noncaed mod eaten were determined. 

Aims water man. A white PterigUa circular pool of 150 cm diameter 
and SO cm height was filled with water (16 cm deep, 24-26"C) and made 
opaque by the addition or milk (Gass et al. t 1998). Distant visual cues for 
navigation were available on the watts of the room ilhiminaied by diffuse 
light (12 ho). A wire mesh platform (16 X 16 cm) was placed OJ cm 
below the water surface, ai 35 em from the wall of the pool The swim 
paths of die mice were recorded using a video camera Suspended above 
the center of the pool and were fed to an electron b imaging system 
recordio* the*? coordinate* (Noldm Eiho Vision 1.90). The recorded 
paths were anaJyted as described previously (GeS$ et aU 1998). During 
the acqalsluoii phase, ananab had two Uahiing wfrh pc^ day (with an 
interval of 1 nun) over a period of 14 consecutive days. The 1 min 
Imnrulal interval was spent on the pfetfora- If an animal did not find die 
platform in the rues trial, it was placed on it after 1 min- The probe trial 
(fjroe swUnmlruj without the platform In the pool) waa performed oa days 

10 and IS. Date were analyzed by a repeated two-way ANOVA. 

/car corieUoftfap The conditioning system (TSE. Bad Homburg, Ger- 
many) consisted Of a soundproof bOX {59 * 30 X 27 em) with a gray 
interior, n 11 V light at die ceiling, and a Pteaiglas chamber (35 x 20 x 
20 cm) that was placed on a shock grid made from stainless steel rods 
(Gass « aL, 1998). The arid connected in a thucker- scrambler unit 
delivering shocks of defined duration and mLensky. Fox both contextual 
and cued conditioning, mice were placed into the Plad^laS chamber (Of 

Z mln before the onset of a discrete ooodiuonod stmurfus (2800 Mz tone, 
85 dB) that tasted 30 see. At chc end of the tone, anmmls were subjected 
to the unconditioned stimulus (2 see of continuous fooeshoek ai 04 mA> 
Animals were left in the conditioning chamber for another 30 see and 
were then placed back into their home cages- Twenty-four hours after 
training, cunotbjouing wai assessed by measuring freezing, defined as a 
complete lack of movement besides respiration, For contextual condi- 
tioning, freezing was measured for 5 min in the same chamber in which 
the animats were (rained. For the analgia of cued condiiiOning, animate 
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wens placed in a novel dpnt&t (triangular cage *iifa nongrid floor end 
temon smell). Two miaufes later. Ihc tone Started to* ■ period of a info 
Awing vtucb freezing «as assessed Freezing was scored In 10 sec 
m*a^andllie«ore*m 



RESULTS 

Oftwnrtton of two Afferent PACl^doflcJeni i „ 

To disrupt MCI In I*k>, wc developed two dtfferem mutant 
mouse lines using the Cre/kttP ^combtoaiwi system (Ou ct aL, 
1994). To inactivate alj splice variant* of PACl known CO tor, we 
targeted Oron 11 encoding the largest part of transmembrane 
domain IV of the receptor protein (Arimura, 1998). After ho- 
mologous reegmbinabon hi ES cells, we generated two different 
PACl alleles (Fig, L*). The /HCT allele lacking axon 11 wu 
injected into blastocysts to generate PACl"'"" mice with an 
ubiquitous inactivatigri at PACL In the PACf°" allele, exon 11 
was Banked by two l&P recognition sites {Fig. la) for Cre 
rccotnbinA$c-mediated excision ot the intervening jytHi se- 
quence. /UCI 6 "* will therefore be inactivated m cell express- 
nig the reoombiwde. jMicc homozygous fox PAO^ sppent 
oonnal and expression of PACl mRNA Is identical to that of 
wiJd-ty pe mice (data not shown). For genemfaon of mutant mice 
with a foreArain-qpecffic InactWatmn of PAC1 (PACI***f]axP- 
CaMKCrcJ, abbreviated PACl CftMKOna ) T PACl*^ mice were 
bred with tnnseenkinke (CaMKOc2 mice) expressing die Cre 
recombinase under the control of the C aM KJla promo ter. In this 
traBgcmjc CaMKCr^! fine, Ore recombinas* expressmn is re- 
stricted to the olfactory bums, cortical fortbrajn areas, and the 
htppoounpus. Within tte- striatum very few scattered neurons 
express the Cre recombinase, whereas no expieesjoa Is detected 
in the thalamus, the amygdala, the midbrain, the Wndbrain, and 
the eerebelhim (data npt shown), 

o^fSSSLS te«mtt*mpfJttm of the Cre recomWnase, 
FAQ ™» mice sfow an inactivaticn of PACl in three brain 
areas, the olfactory bulbs, the cortical areas of the forehrain (data 
shown), and the; dentate gyms (Fig. 1/), Conversely, 
PACl mice shew an ubiquitous iiwtivlifon of PACl. Wild, 
type transcripts of PAtl are completely absent (Fig. 1^*1 In- 
ali^fnau^ty «pUc*o rwoscript reaohmf 8« of the 
w^type RN A levels U detectable in PAC r bains (Kg. U>) 
Sequencing of this transcript reveals alternative spacing from 
f*° n teeing to p frame shift ~ftb subsequent stop cod on 

(data not shown) and resulting in a truncated receptor molecule 
that became of the absence of the third intracellular mop cannot 
couple to G-proteios any longer. Interotingry, the other known 
PACAP receptors VPAC1 and VPAC2. belonging to the class of 
PACAP type If receptor*, are not upregulated In PACl mice 
(Fig. \c). 

At the age of wcanirk PACi c ' MKC ^ mice are found at the 



-/- 



nuce are 



expected Me*dcliaftrat£o (* = 3B I), whereas PACl 
found at a frequency ot \<J% inacead of 25% (n - 589>. Both types 
of mutants are fertile, appear healthy, and are ^distinguishable 
from their wild-type fifrernutes. Histological analysis or organs 
from both mutant moufe lines does not reveal any pathological 
abnoruiaUoes (data notisfaown> Especially within the hippocam- 
pal formation neither neuronal proliferation nor (finereutiation 
defects nor mossy flier aboonnalirjes are observed (data not 
shown). A neurolomcal examination including testing on a not 
pUte as weH as testing of reflexes, motoric strength, and coordi- 
wiou (rotarod) does not reveal any deficits in sensory or motor 
abilities (data not shown). 
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>Tr^^ CetierafaoftofPAClHlefldeMmi^ Omtiatta dLPAd 
encompassing enms Wc nuked exon 11 (ModtW) with loxP sites 
[a t>*o new, fuk, generated the modified aOcU by homologous 
recomblliadOfi m ES eelk Second, transient expression or Cre recembi* 
na» led to raovd of the selectipti cassette, geaeratlng PACi' and 
PACi albks. A scheme of ihe wild-type locus, the targeting vector, 
and the reanMng alleles is depicted (Ha&tnn&s***** ^KptKX.Xhal; 
A »od represent probes outside of the homology arms used tor Southern 
Wot iMtysia^el^trorK^t^ BS eelb). ^ c RNaw proiecdon analysis of 
tottUraui HNA oom^Hypc (^f) and PACl mbcb, Although the 
4y tq>wQd4ypfi rranscript is ab^nt in PACl"' - brains, a faint 340 bp 
fragment is detectable, reprasftnting an aUematrely spliced umscript 

STJ?^ ^i^SS^ ^P 101 c, PACAP type II receptors 

(VFACl and VPAQ) am not upwgubtlcd in PACl -/ *~ brains I kb 
^ f ta££* hyhriditation or centre^ MC/"'", and 

i*AU brains. In compariton «kh control ( o 4 ). PACl mRNA is 

almast compktely absent in the tippocampal region of PACl^^^ 
brains (/) and also not detectable hi PACl"'- brains (e). 

Impairment of mossy fiber LTP in PAC1 -deficient mice 

Because of the strong and restricted expression of PAC1 protein 
in hwocampal mossy fiber terminals (Owo ct at. 1999), wc 
studied first synaptic plasricicy at the mossy fiber synapse 
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n = 5; mean ± SD) (Ffe. tefiptuudy fijllowed by abstained 
component of bogging potentiation (185 ± 57% of control 
value, measured at 2*-30 mJn; n - 5) (Tig. 2a). This MF-LTP 
.lasted for the entire dotation of recording, typically 30 rata of 
recording after me tetanus (Fig. 2a>( left panel). By contrast, a 
similar conditioning stimulation applied to MFs of PACl ~ ( ~ 
mice, while evoking a similar FTP (630 ± 340% of control; n = 
7) (Fig. 2c, r£A/ /wW), produced in aevcm of acven cells no 
foug^asting poleahatfaq (Fig. IbA nghi panel). At -15 mm after 
wraditwnirig, the EPSC amplitude returned to the control value 
and reached 90 ± 28» (n = 7) of the control amplitude after 
2S-30 min (Fig. right pond). These results indicate that 
FAC1 is selectively ir^uired for the snstampd eomponcnt of 
F LTP (F* 2^), but cot for FTP (Fig, 2c). To ensure that the 
recojr^ EPSC* were 

DCGJ V, aq agonist of merahotropic gturamatc receptors of the 
group W subtype (mOluRM), ^ applied to the bam solution 
(Yoimi et aL, 1996; Castillo et aL 1997), OCXJ-fV (j reduced 
the amplitude of the EPSC by 60-90% (Fig^o), confirming that 
me recorded EPSC* were predomirtanrty caused by mo»y fiber 
synapses. 

It is important to note thai PFF (Salm ct al, 1996), another 
form of abort-term potentiation at these synapses, was also not 
affected (Fig. 3c) [PPF raqo was 209 r 54% ( A = 5) and 205 ± 
€1% (4 » 7) ia wild-type and mutant mice, respectively). 

Although the evidence presently available point* toward a 
rather seleetrve presence of PACl at mossy fiber terminals (Otto 
et aU 1999), it seemed nevertheless interesting to rest whether 
deficiency of me receptor Interferes with LTF in Ihprmcampal 
granule cell*, rhe ruarrons from which mossy fiber* originate. Rvr 
this purpose, we performed whole*ce!l recordings from visually 
identified granule «IU (Kellor et el n 1901) and stimulated per- 
forant path fibers. Lone-term potentiation at synapses formed 
ocrween pcrforani path fibers and granule cells (PP-LTF) oc- 
cuned In bom wikMype (142 £ 27% or control, measured 40 min 
alter conditioning n - 6) and mutant mice (130 ± 29fc of 
control « 6) (Ffe. 3a.b). This mrxaceUulwty recorded LTP was 
very similar to mat ra»rded exrracelhilaily by other investigators 
(Lynch etaL, 19*5; Hanse and Gustafsaou, 1992). The mean level 
of potentiation ia PACl mice seemed to be somewhat smaller 
than in wild-type mice (V% 3a), however, the difference was not 
statistically signiftcant (Student's r tesl; p > o.l). Thus, taken 
ta««»**i the results of our cellular analyses clearly demonstrate 
that impairment of LTP in PACl-dcficienl mice occurs predom- 
inantly at mos$y fiber buttons, the only site at which PACl has 
bc^detfictcd mimurtohiStodiemKaUy in the hippocampus (Otto 



Because PACl -deficient mice display a strong impairment of 
mossy fiber LTP. we investigated whether learning and memory is 
( ..^ ^ ,^ n r ht ^ iCm >i rr^~ ; w;,.d abo impaired io these mouse mutants. We first analyzed mutants 
1 tfV'l ^ W PP^^l-"^t taZ that model 

1 h ™ soaa] transmission of food preference (Fta. 4c). 

Neither PACl"'" nor PACl^™ mice (data not shown) 
exhibit any deficits in these learning paradigms (Fig. 4V)- During 
the acquisidon phase, wild-type and mutant animals learn to 
search for the platform, as evidenced by the reduction of time 
needed to find me platform at the end of the training phase (Fig. 
4a). During me probe trial of (he Morris water maze, mutant and 



(Zalutsky and Nicoli, 1*90, Yec**! ei al^ 1999) in wHcVrype and 
PACT^fcmoient mice. In ^M-type animals, a train of high- 
frequency stimulation proctulxd MF-LTP (Fig. 2a). Its dWrteteT- 
wtic features are me iniUal, strong PTP of the EPSC amplitude 
(mean EPSC ampUtudes reached 710 ± 350% of control value; 
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Fvp* 3. Pteceividon of LTP at the per fontni synaptic trout* Co 
b^pocaiipal gnumk , b PaCI raico. d t XT? summary staph ia 
wfltMype {^ dtfes; bMn ± SEM; 6 celli) and PACX~^ (bb^k 
cfrcftay 6 ecu*) mioa. to ahtoiltte* sample EPSC mseet betefmntfor) 
55l£ ST W tfkKype (WT «m tmra) and 

PACl ' «*4C/^\ bcaom\tfacd) mice Eadi current trace is tn «ver- 

stmitiuiioa Mm *t 100 Mr separated by 15 sec intervals, wtule the e3 
was aurwu-ckmped at -sdniV. Recording were done if SO-STC />, 
Summary graph (mean ± go) gf the magnitude of LTP in wfld-type 
{while ban) and PACl ' h (Nacfc far) mice examined in massy fiber to 
Ca3 pyramidal cell synapses {AfF'X TP, from dais shown in Fig 2&&) and 
lateral perforent path to granule coU syrup* (PP-LTP, from data chowo 

3«). A agnificanl change was observed only far MF-LTP ("p < 
<M»|). MF-LTP whs measured aj room temperature (21-zycV whereas 
PP-LTP wat measured at UfJTC <«* Material. arm Methods). <r f Sum- 
™W I £5 h < fflea0 - ¥g of magniimle of g^ced-put* facOtetbo 
(MF- W) aad fMcMct^nptar, nation (MF-PTF) *t maty fit** u CA3 
W 1 ^™^' «JI synaptic inprffcj from wAd-type (iWtfee ten; * m $) and 
PACl (hUr±h*n;« -J) mice. There was no sJgnlftcnnt di&«*u>, 
hetwesrt sfcfld-lypc and mvfenl rake Kecordtms we 0008 Si room 
temperature (2I-2S*C). 

wild-type aninraU searcWng for the platform spent significantly 
more time in the trained quadrant than in the other three quad- 
rant*, indicating that both groups have learned and remember Ae 
Old platform position equally well (Fig. lb). There arc also no 
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/%we4 PACl-'- rmc* 00 not display any mei^ry deficits In deeW- 
atrns learning caste a. Acquitrrktn pha»c of the Mortis water maze. The 
T*? 86 .*^^ ^ ^ da0v £rials a l »^«un< Period of 2 w«eJcx are 
depleted, wad-type (a - 2* btvkm fee) and PAd (n * 2& 
&te) a« weO as PAa c * MBC - na mice (data not shown) team (be task 
equally ajcO, « evidenced by the rxdoction of lime needed to find the 
pfatfimi 44 fi» end of the training period, ft. Probe trial of the Moms 
water mare. Wild types (mftife ban) and mnuno <6kd^ ban) have teamed 
and fcmcfnber tbo old platform position equally wett In search of the 
ptaOorm. (hey spend u^zuficandy more time in the trained quadrant (7) 



Chan on average in die other three quadrants ( Afy. c t Social transmunloD 
of food preference. PACl ' as well as PAC1** I " K * 1 mice (data not 
shown) do not cfisphy any memory deficits in the andal transmission of 
fox* p*«faenue. Mutant* (n = 2ft Mack ban) and wOd types (n = 28; 
wkUe ban) eat ognincanily more of the cued than of the non-cued tjo6 
an dfluatrt nienaWcnctly the food eaten by Oic demnnstramr mouse 24 
hr beftne* 



deficits in the social traosnusskm of food preference; mutant? and 
wild-type animals eat significantly more of the cued than of the 
non-cued mod, indicating that they remember exactly the food 
eaten by the demonsirator mouse 24 hr before (Fig; 4c). 

Motivated by the finding that Drosophila carrying a mutation in 
the PACAP-reiatcd gene amnesiac display associative learning 
deficits (Qubn et al., 1979), we next analyzed the mice in a 
nondcciarnlivc, associative learning paradigm, La, rear conditio a- 
fag. For the Intetpietation of the results, it ia noteworthy that in 
the condirioning cuambers mutant mice of both strains showed 
comparable preshock locomotor activities to their wild-type lit- 
teematea (PACl C * M%U ^ line: raotants, 585 ± 34.6; wild types, 
584 ± ^2 activity counts; p - 0.98; PACl " '"line: mutant*. 561 ± 
2S.7; wild types, 520 1, 33 J activity counte; p = 0J4). PACl " '~ 
as wen aa PACl cu " iCO,,xl mice show a drastic reduction of (he 
freezing response in the long-term test of contextual fear condi- 
tioning (Pig. 5). Which ia thought to be hippocampus and 
amygdala-dependent (Kim and Fans* low, lOO^ phnjp ^ j^- 
Ooin, 1992; Maren and Fansetow, t996). After rt«tpo<Urt into 
the cage where conditioning had taken place 24 hr before, wild- 




context ouod 
PACl CaMKCre2 ml£e 



context cued 



tnpnocae*r/U»-dcrjendcac assoriarive teaming. PaCi mice [n « 14 
(&odb 1^,), 14 mid types (unto ban}: p < 0.005] ukHm 
PACl** 1 * 0 -* 1 mfae [* » 12 auuaau (gny bmk 20 wild types (white 
k*n);p < 0-01] exhibit » rtroagfy reduced frteauu respond hi contextual 
bul not coed fear ccodfttOttia* (24 hr tea). 



typo animate remembered die contextual environment and 
showed a strong [razing resj nose, wheieasmutanlfi of botb lines 
started to explore die cage as if they had never seen ft before. 
However, both mulant mouseHncs did not show any deficits in the 
long-term test Of coed fear conditioning (Fig. 5), a test that is 
thought to be juriredalfrdepeadcnt (Kim and Fanselow, 1992; 
Phflips and LeDoux, 1992; Maren and Fanselow, 1996). Mutants 
of both mouse Ones showed ih response to the tone a very similar 
freezing behavior as their wild-type littennalcs (Fig. 5). These 
findings clearly demonstrate! a crucial role for PACI -mediated 
signaling in associative, but not declarative, (earning processes. 



In this study, wc investigated fhe potential role of FACl-medialed 
signaling in synaptic plasiidNaswdl as its impact on learning and 
•nenwwy. W« used me CWtajcF wcembtaanou system (tru ei aU 
1994) Co generate two coherent mutant moose strains on the tame 
genetic background. For the first time, we present evidence dun 
PACI Is involved in synaptic pUsiiciiy at the mossy fiber synapse 
and in associative learning. The generation of a conditional and e 
complete knock-oat mouse line on the same generic background 
allows direct comparison of both mouse lines and nay circumvent 
developmental effects thai often hamper analysis of conventional 
mouse knock-out models. In pur conditional mouse line, PACI is 
inactivated pofimatally in cortical forebrain areas and the 
hippocampus. | 

In parallel to our smn^.tyo different conventional PACI- 
deficient mouse strains have,beea developed, but fhey have not 
been analyzed in learning paradigms (Hashimoto et al M 2000; 
Jamcn ct al. 4 2000)- 

wopoiHj«nii ovnkicuuvd aaasffimg ana memory 

As evidenced by the probe tr ial of the Morris water maze and the 
soda) transmission of rood preference* both mutant mouse lines 
do not display any deficits in declarative learning tasks. Because 
hippocampal expression otPACI is restricted to the mossy fiber 
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synapse (Otto et ai, 1999). the absence of spatial learning defidts 
(Morris water maze) and the absence of LIT impairment at the 

Schaffer collateral (Hashimoto et aL 2000) in the mutant mice is 
not surprising. In contrast to the Schaffer collateral pathway, die 
mossy finer synapse seems to be less importaat for sparial learning 
(Chen and Tonegawa, 1997). Large parts of infonrauon are likely 
to be transmitted directly from the emorhinai cortex to pyramidal 
ceils of CA3 and CA1, bypassing the mossy fiber synapse and not 
following the traditional tri synaptic circuit (Yecket and Berger, 
1°00)- The pivotal role of the Schaffer collateral for spatial 
learning is further evidenced by gene knock-ont models of 
CaMKUa (Suva et al, 1992), /wt (Grant ct aL, 1992), and PKCy 
(Abctiovich et at, 1993), which all lend to an rmpaixment of 
Schaffer collateral LTF and deficits in spatial learning. 

Whcrea? declarative learning remains unaffected, bosh mutant 
mouse lines show a selective impairment of ajsodative learning, 
U., contextual tear aandhioning, TW8 ftading is very eaeiling 
because Drosophil* harboring a mutation In die PACAP-rdatcd 
gene &mnASiaC display also associative learning deficits (Quins et 
aL, 1979). Therefore, the extreme evolutionary conservation of 
the neuropeptide PACAP and la type X receptor PAQ may 
parallel their imp l i cation to a phylogencdcaJTy old learning pnra- 
digou lb* associative learning. MeanwhBe, many components of 
the neuronal pathways involved in fear conditioning art known 
(Maren and Fanselow, 1996% The basolatcral complex of the 
amy&dalA seems to be the putarive locus for the association of the 
conditioned (tone, context) and unconditioned (footshoek) stim- 
ulus. Sensory information is conveyed via two distinct inputs to 
the homolateral amygdala complex. Whereas auditory stimuli axe 
processed to the amygdala via the medial geniculate nucleus of 
the thalamus, comemial stimuli reach the amygdala via the hip- 
pOcatnpal formation* The basotatcral complex of the amygdala 
projects to die central nucleus, which is connected with several 
brain areas involved in the generation of fear responses, such as 
the lateral hypothalamus (increase of blood pressure) or the 
periaqueductal gray (freezing response) (Maren and Fanselow, 
1996). With regard to this pathway, lesions of the amygdala or the 
periaqueductal gray lead to an impairment of the freezing re- 
sponse hi contextual as well as cued fear conditioning (1 Jebman 
el at, 19706 Campean and Davis, 1995), Lesions of the hrppocara- 
pus (cad to impaired contextual Hut do not affect cued ftar 

conditioning (Kim and Farjsejbw, 199% Philips and LeDoux. 
1992; Maren and Fanselow, 1996> The hippocampus is known to 
play within a critical time window a crucial role for the consoli- 
dation of contextual fear into long-term memory (Kim and 
Fanselow. 1992; Ajoagaostaras el aU 1999). Because mutants of 
both mouse lines display a dissociation between intact cued but 
Impaired contextual fear conditioning, we conclude in accordance 
with the existing model of fear conditioning (Maren and 
Fanselow, 1996) that ihjs phenocype reflects a hippoeampus- 
dependeot learning deficit. Tmponamly* an extensive neurologi- 
cal examination did not reveal any evidence for deficits of the 
sensory afferent* necessary for processing contextual iufamm* 
don. Furthermore, neither the Morris water maze task (vision) 
nor the social transmission of food preference (olfaction) re- 
vealed any deficits. Finally, because freezing in response to che 
tone was also ant affected, the fear conditioning pathway in the 
amygdala and dc^nstream of the amygdala *>u*t be intact (Maren 
and Fanselow, 1996). 

Thus, we conclude that PACl-raediated signaling In the hip- 
pocampus is required for contextual fear conditioning In direct 
support of this view, wc found that the brain regions with a 
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(umpicfc laacilvattoo o| iMCi in PACl"'- as well as 
PACl 0-1 **™ 2 mkc axe tit dentate gyrus and neocortical areas 
cf die rortfcrain, but not the amygdala or thfl perbqueowlal gray. 
Id tfcese latter regions R4<b U only inactivated in PACl"^ but 
not PACl c «* **« mice, ijeeauae boa of the neocortex do not 
impair coatcxtml fear conditioning (JMritips and UDotnt, 1992: 

seems to play the airkal relc for tbe ccmsoiidarion ofoMUextnal 
fear into long-term memory. 

la a novel datefiftinant of j 
tha mossy fiber synapaa 

The tmrniinohistod^mical data (Otto et at, 1999) and the elee- 
ttophysiotegical results provide among evidence that, within the 
w PP ocan) PW» the mossy fiber terminals represent the predomi- 
nant site of PACl-mediated signaling. Ai the u<*»> fiber synapse, 
LTP is m'sdnctfy difficrem;from LTP at all other htppocarnpal 
synapses. It is NMDA reoeptor-iDdependcDt, and its induction 
requires an increase in the [presynaptic ctkmm k*el (Nlcoll and 
Mfllcmka, 1995) and, under certain conditio ns, also postsynaptic 
caldutn signaling (Yedrel et at, 1999). AJtbpygh the molecular 
mcchanian for LTP at the mossy fiber synapse I s not known y*t. 
there is strong evidence that the presynaptic calcium iocrcase 
actjyates adenylate cyclases j(Himuj et at, 1994; Weistfanf et at, 
1994). It has been hypothesized that activated adenylate cyclase 
type 1 (AC1) leads to an activation of PICA, which could cause an 
eiuianced glutamate relea^ by phrcphotylatkm of proteins that 
influence the flecretory mqejiinery (TWcau et at, 1996; VnTacres 
et ai, 1998). Rab3A is one Of those candidates that contribute to 
PKA-mediaied neniDtransihitter release (Geppext et at. 1994). 
WAJn the hippocampus. P'ACl protein is exchisjyejy expressed 
p«syiiapdcally in mossy fiber tezminals (Otto et ah. 1999). PAa 
can elevate intracellular, eddum levels and activate PICA, t*o 
mechanisms, which weJe 'shown to determine long-term neuronal 
pfastieky at the mossy fibcrjjynapae (Huang et at, 1994; Weiss- 
kopf et aU 1994; Nieoll anil Malenka, 1995). It is important to 
note that neither short-term synaptic plasticity at the mossy fiber 
synapse nor perform* path LTP were significantly impaired in 
the mutant mice. Similar results were previously obtained in 
*sb3A (Castillo et at, 1997) and ACUfefioent mice (VDIacres et 
aU 1998). These findings are remarkable for two reasons: first, 
together with RjtfclA kne^oui nice (Castillo ci at, 1997), 

PACl -deficient mke are the first in two models that support me 
presynaptic locus of mossy! fiber LTP expression. Second, the 
observed changes of neuronal plasticity at the moo* fiber synapse 
*xc identical with those Been in Rab3A (Castillo et at, 1997) and 
ACl-defidcBt mice (Villaer** cc aU 1998), which suggests that 
PACl may act in the same cascade upstream Of AC1 ana RablA 
activation. In conclusion, cdr findings identify a new mechanism 
ihrou&h which PACl mer£ates neuronal scaling. PACl- 
mediafed signaling whhin the hippocampus seems to be largely 
restricted to mossy liber terminals. Our reaulta surest that PACl 
through its iiwolwuncfti^ a presynsptic form of hippocampi 
LTP, determines an associative form of hir^ocampal learning. 
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,r aJly ' m * l0ng4 f t<1 effect oa th» m*IU»*«U neurotransmitters with which they colocali* 

v^aho* of the iwpe ok tra of second ixttMp Pimiu^ adcnylat* e^lase^tivaUng pohSptE ?aSS 

11,0 *netfc action oftS^ZZ 

^e^^iS^ , "ffl""^ " «* for i„ memory. However. 

n^S^n^^ '"T dCV tL° Pm ^? 1 **** implying a role in oenronai development There 

rh^ J^^T!? , m ^ Mfl ^» ^ PACAP^pedoc (PAC.) receptor-deficient rake show a deficit 

m hrppoounpus^peadent -assooauve learning and mossy fiber long-term potentiadoo (LTP). Meanwhile PACAP JeL^i «Zl 

S» ^^twvdtyHseetong behavior. and explosive jamping). A functional eomparton between PACAPaS «L*L 



PACAP and PACAP receptors in mammals 

PACAP was first identified as a novel hypoth alami c 
neuropeptide by Arimura's group in 1989, based on its 
ability to stimulate adenytace cyclase in cultured rat 
anterior pituitary cells [I]. PACAP exists in two ami- 
dated forma, PACAP38 and PACAP27. which share the 
same Nominal 27 ammo acids and arc alternatively 
processed forms of a precursor, preproPACAP. PA* 
CAP27 has an amino aci<jl sequence identity of 68% with 
vasoactive intestinal polypeptide (VIP) and of 3 7% with 
s^tp, indcatl^ that PACAP is a member of the VTP/ 
^one-releasing hormone (GHRH)/ 
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secretin auperfamily. Thia superfamily includes gluca- 
gon-like pepttde-1 (GLP-1), GLP-2, glucose-dependent 
insulinotropic polypeptide (GIP), and peptide hisUdine 
^thlonke (PHM). PACAP is present not only in var- 
ious areas of the central nervous system, including the 
hypothalamus and many other brain regions, but also in 
peripheral tissues such a9 the germ cells of the testes, 
different lobes of the pituitary gland, the adrenal m^ 
dulla, pancreatic ganglia, and enteric nerves. It functions 
as a neuromodulator or neurotransmitter in the central 
and peripheral nervous systems (for reviews, see [2,3]). 

Molecular cloning studies have shown that these di~ 
verse activities of PACAP are mediated by heptahelical 
G protein-linked receptors encoded by at least three 
diflerent genes ffl. Id 1991, Ishihara et al. [5] isolated a 
rat secretin receptor cDNA by expression Cloning, and in 
1992, they isolated a rat VIP (VPAQ) receptor cDNA 
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by sequence homology to the secretin receptor [6]. The 
recombinant VPAO| receptor showed a similar high af- 
finity for PACAP VIP, and & lowafltoity for secretin. 
In 1993; in collaborktiod with Ishihara et aL, wecloncd a 
PACAP-prcfcrring PAC! receptor, whkh binds PACAP 
with high affinity but binds VIP with a kOOO-foId tower 
affinity (7). Several other groups independently cloned 
the PACi receptor [2-4]. Another VtP receptor subtype, 
VPACi, has also been cloned. The PACi receptor is 
coupled to several transduction pathways, leading to the 
activation of adenylate cyclase, phospholipase C mito- 
gen-activated protein (MAP) kinases, and to calcium 
mobilizatioo. la contrast, VPACi and VPAC 2 are 
mainly coupled toj the adenylate cyclase pathway, Al- 
though PACAP a^vd VIP have no apparent homology 
with calcitonin and parathyroid hormone, PAQ , VP AC, 
secretin, calcitonin, and parathyroid hormone/parachy- 
roid hormone-related peptide (PTH/PTHrP) receptors 
are related to each other and constitute a subfamily of 
the G protein-coupled receptors [6,7]. 



DrasophUa 



mutant amnesiac 



Using the das&kal chemical mutagenesis with ethyl 
methane sulfonate, Quinn et aL [8] isolated the tot 



amnesiac mutant in 1979 through a^&viorai screening 
for memory mutants. AmrwticQ&^bow normal ac- 
quisition of an operant a.yoicta^ have 
impaired memory retention "in i£e fiist few hours after 
training on associative learning tasks; in which flies re- 
ceive an odor simultaneously with the negative rein- 
forcement of electric shock (for reviews, see [9-12]). 
However, the isolation of th? mutated gene proved dif- 
ficult because the chemically mutated genes were not 
tagged. Transposon mutagenesis facilitates gene dis- 
covery by tagging the genes for cloning. Using a P-ele- 
ment mutagenesis and a simplified screening method, 
Fcany and Quinn identified amnesiac cDNA and ge- 
nOttic DNA that encoded a predicted neuropeptide 
precursor [13]. Although the mature products of the 
amnesiac gene have yet to be identified, consensus 
cleavage sites suggest the existence of throe potential 
peptides- Two of them have homology to the genes that 
encode vertebrate PACAP and GHRH (Figs. IA and 
B). The first predicted peptide is homologous to GHRH 
(14] and the PACAP-related peptide (PRP) that is de- 
rived from preproPACAP [15] and shares some ho- 
mology with GHRH. The second predicted amnesiac 
peptide is homologous to PACAP38 (11. 

Mammalian PACAP38 has been shown to activate 
the potassium currents at the Drosophila neuromuscular 
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F?& t . Amino acid nence alignment, precursor structures, and a hypothetical evolutionary scheme of the PACAP and GHRH gene family and 
Drosophila anwenac (A) Alignment of the amino acid sequences of the predicted a^me^ac pcpLidea and the mouse PACAP-related peptide (PR? 
[15]). the catfhh GHRH [14], and the mammalian PACAP38 [I]. Identical amino add residues are indicated in red and aimilar amino add residues are 
indicated in orange (adapted from [13]). (B) Schematic representation of the predicted neuropeptide precursor* encoded by arrmcsm^ the catfish 
preproPACAP/GHRH the nuwse preproPACAP. and the mouse preproQHRH. (Q A hypothetical evolutionary scheme of the PACAP ami 
GHS.H genes (adapted from [3])- 
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junction through activation of the cAMP and Ras/Raf 
signal translation pathways [16). In addition, PA- 
CAP38-like immuoorea^mty has been found in the 
Drosophila nervous system Thus, the putative amnestic 
products are believed to ajd through adenylate cyclase to 
increase the cAMP level* [16,17], 

The DrosopkUa learning mutants that have Joss- 
of-f unction mutations in components of the cAMP 
cascade, rutabaga (adenylyl cyclase) and DCO (protein 
kinase A catalytic subunil), display increased sensitivity 
to ethanol. This, is also- the case for amnesiac* since 
Moore et al. [19] identified cheapdate, a mutant with 
enhanced sensitivtry to ethanol [18], and revealed that 
eheapdate is allelic to amnesiac. 



Cytogenetic mtatioo of ^ACAP and CMRH geee* 

The primary structure: of the biologically active ma- 
ture PACAP38 has been; totally conserved between all 
mammalian species studied so far and is virtually un- 
changed between mammals, lower vertebrates, and 
ptotocbordaiea (for reviews, see [2,3,20-220. In con- 
trast, the structure of GHRH is not well conserved, even 
between mammalian specfies. In mammals, PACAP and 
GHRH precursors are encoded by two distinct genes 
(Figs. IB and Q. The minraialian PACAP precursor 
contains both the 29-amino-acid PRp and PACAP38. 
Although the PRP snovfs some limited homology to 
PACAP27, it is more shrjilar to GHRH. In contrast to 
mammals, in submsxnnulian species including the 
chicken, frog, salmon, catfish, and possibly tunicate*, 
PACAP and a GHRH-ijjce peptide are encoded by the 
same gene (Fig. IB), Thiis, it appears that the GHRH/ 

9** gcnc ^«Pl«cated: after the divergence of birds 
and mammals and exon loss gave rise to the mammalian 
QURH gene, while mutation led to the formation of the 
mammalian PRP/PACAP gene. Fig. 1C shows a pro- 
posed model describing (he evolution of these peptide 
precursor genes from a common ancestral gene [2,3,20- 
23]. It is presumed that, as in the case of the above- 
mentioned submamraalian species, DrasopMa amnesiac 
encodes both a PACAP-like peptide and a GHRH-iike 
peptide. 



Amnesiac localization, genetic a Marion, and resme ex- 
pertinents 

The olfactory learjoins-related Drasophiia proteins 
that have been localized to date are, in general, prefer- 
cnualiy expressed^ trtei mushroom bodies, which are 
key components of odor learning [10]. However, the 
amnesiac protein is not expressed in the mushroom 
bodies. Instead, it is quite specifically expressed in a pair 
Of neurons called the dorsal paired medial (DPM) 
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neurons that broadly innervate the mushroom body 
lobes f24]. The sklbire gene encodes the fly homolog of 
dyiiamin, a GTPase that is essential for synaptic vesicle 
reqrding. Conditional genetic ablation of the neuro- 
transmitter release from DPM neurons by expression of 
a senudominant and temperature-sensitive stebire mu- 
tant [25] mimics the amnesiac memory pheno types [24]. 
This result demonstrates an acute role for DPM neurons 
in memory storage and suggests that the amnesiac neu- 
ropeptide is actively involved in this process. However, 
genetic rescue of amnesiac gene expression throughout 
development restored memory function, but not if the 
rescue was only during the adult stage [24,26]. The latter 
result also suggests a developmental defect in amnesiac 
mutants and implies a role for the gene products in the 
development of DPM neurons J 12). 

On the contrary, the ethanoUcnsidvc phenotype is 
rescued by amnesiac gene expression only in aduh flies 
[19], suggesting that memory formation and ethanol 
setvsitivity have different spatio-temporal requirements 
for amnesiac (26]. 



Roles of PACAP n hfppocantpal synaptic plasticity and 
associative learning in mice 

Memory in both vertebrates and invertebrates In- 
volves alteration in the efficiency of synaptic transmis- 
sion, otherwise known as long-term potentiation (LTP) 
and long-term depression (LTD). In the rodent brain, 
three PACAP receptor subtypes, PAC,, VPAC,, and 
VPAd, have been identified in different regions, in- 
cluding the hippocampus [3,6,7,27], Extracellular re- 
cording in hippocampal slice preparations has 
demonstrated that O.Q5aM PACAP38 induces long- 
tasting facilitation of the basal transmission of CA1 
synapses. The PACAP effect is blocked by the muscar- 
inic antagonist atropine and partially blocked by the 
NMDA antagonist APV T and therefore shares a com- 
mon mechanism with LTP [28]. However, a high dose 
(tuM) of PACAP38 induced a long-lasting depression 
of transmission at the CAl synapses [28] while at the 
same rime causing an enhancement of the perforam 
path-granule cell synapses in the dentate gyrus (Fig. 2 
[29]). Recently, we have reported the generation of 
PACi receptor-targeted mice, which show no impair- 
ment in LTP in the perforant path-dencate gyms syn- 
apses [30]. Two different PAQ receptor-defkient mouse 
strains have recently been developed separately from our 
colony [31,32]. Otto et al. [31] reported that LTP U 
impaired in the mossy fiber-CA3 synapses, in agreement 
with inimmjohistochernical data showing thai PACi is 
exclusively expressed in mossy fiber terminals. 

Motivated by the observation that the amnesiac flies 
display assodative learning deficits, Otto et al [31] an- 
alyzed possible alterations in the learning and memory 
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Fig. 2. The tote of PACAP in Uppocampal lynaptje ptonrity. pp, perfbrant path; DO, dentate gyrus; Gr r granular layer; m£, mossy fiber, Sdi, 
Senate* oouateral; Py, pyramidal osll layer; CA, AmmOa'* bom (oornu amorous); XO raicc, taodcout mice: T» induction of LTP; 1. impairment of 
LTP or ioduetWO of) LTD; — , no effect 
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Fig. 3. Tu«H>p$e photography showing hyperactivity and abnormal jumping behavior of PACAP-defiriem mice (right) in comparison with wild* 
type control mkc (fefl). Upper insets, wampifis of loco motor parteras daring mo last 10 min of a 60-mifl recording. Tracks of two representative mice 
in each group are iown. The* hyperactive and jumping phenomena vroe originally reported in [33]. Reprinied with permission from (40). 
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features of their mutant mice using an associative fear 
learning paradigm. The! mutant mice show a deficit in 
contextual fear conditioning, a hippocampus-dependent 
associative learning pahdigm, although other hippo- 
campua-dependent tasks such as the Morris water mile 
task are normal. 

Behavioral and f^duatrk pfaenrtypes of PACAP-knodc- 
out mice 

- In another approach: to understanding the in vivo 
function of PACAP-dependenl signaling, we have gen- 
erated mice deficient in PACAP (PACAP''-) p3]. The 
IPACAP*'" mice are bom in the expected Mendeiian 
ratios, but have a high early mortality rate and ap- 
proximately 50% of the PACAP"/- pups dies of un- 
known causes before weaning [33], The surviving 
PACAP"'"" females extibit reduced fertility, which a 
partly due ip reduced tmtmg frequency, and show in- 
adequate maternal behaviors p4]. la parallel to our 
stady, two different PACAP-defidcnt moiiac strains 
have been reported {35 36], Gray et aL p6J reported 
dysfunction of lipid and carbohydrate meiabolism in 
their PACAP knockout mice. 

The surviving adult fRACAP-'" mice display re- 
markable behavioral cjjanges, including exhibition of 
hyperactive and explosive jumping behaviors in an open 
field, and increased exploratory behavior and less anxi- 
ety in the elevated plus-maze and two other behavioral 
tests (Fig. 3 [33]). These rather unexpected results may 
be ascribable to altered reinforcement as a result of 
perturbed monoamine ijeurotirosmissiou, The seroto- 
nin metabolite 5-hydroxyindoleacetic acid (5-H1AA) is 
in foot, decreased slightly in the PACAP"*/ - mice brain! 
Moreover, the aberrant behavior Is ameliorated by the 
antipsychotic drug naloperidol p3J- 



Since it was demonstrated that the amnesiac mutant* 
have mutations in a neuropeptide gene, the in vWo role of 
toe mammalian homology PACAP, in higher brain 
functions has remained ap open question [I 3,33]. Recent 
pharmacological studies and those in knockout mice now 
offer strong evidence, implicating PACAP-ergic neurons 
m the regulation of h^pocampai synaptic plasticity, 
psychomotor activity, and emotional processes. It is 
currently unknown whether the mutant phenoiypes re- 
sultedfrom developmental defects. Given the functional 
Stmilanty betw^ACAP and amnesiac, it is possible 
that PACAP is required for proper brain function in both 
the developmental stages' and the adult brain. 

Resistance to ethanol has been correlated with alco- 
holism in humans [18]. Alcoholism and probably most 
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types of drug addiction appear to share a common 
mechanism, namely the mesocorticolimbic reward sys- 
tem, which has been implicated in the control of novelty- 
induced locomotor activity and is a site of action for 
antipsychotic agents. In Drosaphila, cocaine-induced 
behaviors show striking similarities to those induced in 
vertebrates [37]. In addition, cAMP signaling is involved 
in a number of plastic responses, including learning and 
memory, circadlan rhythmicity, and responsiveness to 
cocaine and ethanol |38J. These observations imply a 
possible involvement of PACAP in the neurobiology of 
drug addiction. 

Recently, amnesiac and its downstream target com- 
poatnts^ pushover {a 2n 2+ -finger containing protein) and 
NFi (the Dtosophila ortholog of the human gene re- 
sponsible for type 1 neurofibromatosis), have been im- 
plicated in Drmophila perineuria] glial growth [39]. 
Thus, causative genes and pathways identified in Dro- 
sophOa may aid the future study of the human disease 
and vice versa. In addition, functional comparison be- 
tween PACAP, the subinamrnalian GHRH, and amne- 
siac underlinea the phylogenetically conserved functions 
of this neuropeptide across phyla and may provide in- 
sights into the possible mechanisms of action and evo- 
lution of this peptidergic system. 
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Production of knockout rats using ENU mutagenesis 
and a yeast-based screening assay 

Yuanon*; Z«nW, j-^ D Knag 1 '*. K^Shun CW. I^irie A Shq*! 1 , Don Wigingion 1 , Yb-Rong Rod* Ha\ 

aa^tClAp**j^)*rdQ\ Heidi L Brosc\ K^Krlne I Ftjnex 1 , IWid A I^nard 1 , Andrew A Hitt*. 
Stacyl&WineH. Ana F Ekgbed^&MkhadN Gould 1 



I!ll!!?i!if J!!^ "ll* 10-81 ^ reseait h and is often the picfemd rodent model in raw* areas of phjMofcil and 

patfcrfiiologieal re*^^ 

are great** med^M thfe stud* we tfawteped aratacob for crnattnf MelhyMMtixKOuma (ENUVnduced gernrline mutation* 
tasttert rat£tm».F 1 prew^llnj pttpsfc^ rmitaeanizjed Sprague Ifewtey (SD) male rats were then sd^ened for funcf looaJ 
. ^ ^ nM 40£&feport€r truncation »sa* We produced koocKout rats lor eacft of 

suppressor genes. 



mutations in Ureal 
these two breast 




The rat is an 

pitfmbiologjr, 
panes 1 . The rat 
mouse and because 
OAM model? have 



marine model fox oudte in physiology, 
neurobiology and a variety of other disci- 
td these Adds because it La forger than the 
ra of e^t*-cpcciuc phy^udDgic and dts.- 
tk^kped for ic <mf dtt hst crnmry, the 
importance of the rat asa WologkrfinQd^ftajledto^tnicwi^rt 
to also establish it at a strong ggaetk model. A key generic Tfd mftiogy 
available foe the mouse to not fertile nt ii the psoduction «f **tmni* 
in which specified genes hove been disrupted (knodmft* luinwU) 1 , 
This is due ia part to themartfitfy to pnvfucE fiwrtitoii ^ fmbryimic 
stem ceiU. Tn addiiiftn, rati have d q* been geoenurd to dace by nuclear 
transfer (Nadoml Imtitutcs of Health Meeting on Hat Model 
Priorities, May, i!W,hu^/vrarwjihirn\ri^^ 

after native approach. 

The fat step of our method consiita of mptageniaing mate raw HA 
LNU la Jmcc, ENU is currently the mutagen of choke for (he produc- 
ilbn tkt Heritable aketed phcuotypes 2 - 3 . ENU was die most eGMnm 
mutagen teaed* andwafr estimated to cause one functional nmoufan 
per 1/XXJ attckf tested (0.5^1.5 mutations per locus per progeny) 2 - 5 . It 
w important 10 stress dwj ward 'uiPctjcmaT because thr total rmmW o* 
rnutation* U much hjghn. Beter et d. calculated dial tncoreacaily 
there would be 10 eetuejl sequence changes per UX» aDde* bm that 
only 1 hi 10 of thettwajuld result In a futetional change kanmg to a 
phenotypk: variant 3 . A. main anal fa this study was to develop * 
method that not only identifies F 3 rats whh mutations In selected 
genes, bur &A*» prcquaE^c* mutailoiis dial »re l&fly to alter fuiwtion, 
thus redndng wasted effert in dowtutzeam cfc*ractefiisrtiau of tnuCa- 
tiorw that do not alt* feene rancdoa Thu* Ac second step of onr 
ai^nwh lAvoh«e5 yeast-Wd Krwrung asss^ tfwt «eiecr for vtrimw 
classes of nmodooal JjratatiOne. These aattyt U&C gap-ItpaXf elora ng to 
integrate either e^nomk DNA (gDNA) qr cDKa of a. elected gene 



between the yeast promoter ADIIl and the reporter gene ADE2 to 
^ * dnmeric pmneZn. Tf the DMA. from a specific allele contains 
rnnerionil ntatahom* that inttrtcrt with translation, then an active 
ADE2 chimeric protein is not produced, resulting in maB, red yeast 
eeJonjet hufecad of die large, white colonies found when screening 
wild-type DNA. Vfe have combined ENU o^utse^iesis and yeast-baaed 
Screening assays to generate two knockout rats tor the breast ttneer 
suppressor genes hVcal and JbvnZ 

RESULTS 

Dc wd opmc m of EWU mutagenesb prmocottlof the rat 

Genorne^wioV mutagenesis protocols using ENU were estsbHshed for 
three ntf strains: inhred WL^ar-Frirth (Wr^,hihredrischer344(F344) 
and OOtbred SD, SeamaSy tnatnie 0- week-old male rati were g^-cn 
either a tin«Je IruraperimACal injeencra of ENU Or a sprit dose with 
SojcctioAS spaced a week apart. FertiBty was determined ax various 
timw after ENU treatmen* (Tabic 1 ). The strains differed m tbeksensi- 
dvtcv to BNU-indUCCd permanent sterility hi a oWdcperidcnt 
rnanaenwhh tacWF strain being die moasensioV and the SD strain 
^mndei^thehichesidc^La all Krauu tested, ENlMreaiedraale 
ears itirdy recovernd tcrtnity after ^period of ajuif^etcsier^L^mujVr 
coasy Ar&Sni of ENU^trated 1 micc^. Ayera^e fitter size was reduced in 
both Ac SD and 1344 strata aiound weeks 7- 0 aSer EMU creatmait, 
the same time period in which we observed reduced fcrtfliw in the 
ENU-treated maksw AO fertile mutagenized male rars provided viable 
fioeta op to 1 year after ENU treatment; however, dxir lifespan was 
shortened, wfch many dcydopir^ skin and kidney tumors and 
rfmphamaa arapproxinLitcJr 1 you o/ age, Nooc tfrhc doses listed in 
'table 1 wereacutdytwdcto Oie rat strains tested. 

Mutaerrtbzrf male rats we g*ed *o generate F, oAsprMg, and phe- 
no typically variant mutant pups were vistolty identified before 
iugat s-« weeks <rf age. Abnormalities «f mc cyeSytsQ and grovAh were 
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4SS 



Rat strain 



SD 
SD 
SO 
30 
SO 
SD 
SD 
SD 
SD 
SD 



F344 



Eta] 



EMU d 



75 
jllO 

2*50 
2*60 
2*73 

0 



1"" 

100 

2*S0 
2*60 
2k7S 



2-: 



100 
0 



as 

so 

: 75 
100 
2*19 
2-25 
2x50 
2x75 
j 0 



% mate rats 
fertile* 



Wo, phonotypic 
nuitanb observed* 



100% 

ao% 

33% 
0% 
0% 
100% 
100% 
20% 
0% 
100% 



nd 

5/1068 
2/347 
Ad 
nd 

4/524 

74/4758 

17112 

3*49 



O 
0 



1 
13 
0 



100% 
67% 
0% 
60* 
40% 
0% 
0* 
100% 



16S87 
nd 

15/297 
6/145 
nd 
nd 

2/372 



I 
O 



30% 
33% 
29% 
0% 
0% 
17% 
17% 
0% 
0% 

100% 



3*366 

1/36 

2/25 

nd 

nd 

ad 

3/ZB 

nd 

nd 

0/51 



1 
0 

0 



0 
o 
0 



mgfceei 



psfrad wan fertile tame a 

MUltyts produce a iWUb i 



t^lgnlfnand. 



these m&t cnmmontf observed in the F t pups f see Supplementary 
T^looEnc).l^4^<l4>sc|nx«ocdrf^ 
weight in SD male rat* « screen of maty w anmt pttttotypo 
revealed a. rate of phmofypkany dciecuhfc mofcwti of I in M F, nix 
(Tftbfc J and SuppfeineeUEy HiLlc 1 online). A arfbscl of du pheno- 
typfc mutant Fj nu was tested for inheritance. AppirjfcmiHtcly one- 
half Of tlw^t^produiJcdYi^ Utti« i h(X^h^tabilKyo/th^iiHit 
(labia land 2 and Ifep). 



,™.„_^/fiir mutation screening 

We chose to use the oudkod SD rat for the nuUtiaMCEcaringstlufies 
owing TO its tolerance of ENU treatment, to the variety of ENU- 
wduccd, heritable phenetypk mutant* identified aiid to its latgehtxer 

m fWHia ynffwf male 

SD nu The* rat* were tJwa tod to wiW- type femakSD rats to pro- 
duce Fj pnpsthtt ware screened for mutant ilkt« of J&osi and fin*?. 

Tw rebittJ tranatioo^ 
and flrna? genes of these Pj pups for fii£K*bodixojt*nssthttci*dd 
hunk* with protein translation (Kg 2).Thon7****u«ff£>hiA>ei 
a Parting maaomofccide, wheras the second assay begins with total 



thai u i**erse*4raoscribcd to eDNA. In both bbb^?C&1s used 
to ampBfy fragments of the gDNA exxm or the cDNA targeted for 
knockout (Pig. l).7fee pp-repAr vector* **e CUTtOOlfred for each tar- 
geied fragment by Honing la iraall 5' and 3' soqi*encoi from the fra^- 
menxofintsxc^i Iteflnad, three vector* were generated, and the third 
vector (used fijr the cDNA assay) h shown in Rg.2. For flrozZ, three 
nxtors were iho generated and ttw second is ixrwn in 1% 2. The 5' 
and 1* end sequences &Om each ferment we** dotted in tutdczn and 
separated bj- a unique Smal restriction enzyme site, which allows A* 
phtmid to Whacarued. The Uacvrttcd «vOOr is then transformed 
together wilt wnpurified PCR product of rhe gefle-spedfic fragment 
tola rofflpetent yea* {& &rc*rsiae. T K5}97 strain) cefl*. Following 
transtbrnjanon, the gene-specific fragment \* doned yfro into the 
gap-repair vector oy homologous «oombtnalio«- Ooce Incorporated 
iiito the vector, the geae fragment is dim located behind ihe yeast pro 
motor ADH1 and in &ont of die reporter gene AMZ. with which it 
joint!? coda fcr a fractional chinwrk protein. ThwyeosttfrwoWka 
AD£2 fraction that can be restored by this chimeric protein. Yeast 
ceQs that pxoduce crmneiic ADE2 protein grow efficiently and form 
Urge white entries when pkted on aefceow medium. In tie aba»ce 



VCHUMfZI NUMBER b |l/Nr2001 NATLRf MOUCMNOIOGY 



llfM 

una 


auaui 


r « * — 

luunoef 


initial enu 


Observed o 


onfbined Si 
iHi(rie n tiers 


9 


FS44 


Feaiate 
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Yes 
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Crooted tail and slit eyes 
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19 


SO 


EL 

Femate 


2x9Q 


Growth on taft* 


Yes 


28 


so 


2x60 


Red ring eyes* 


Yes 


2U 


so 




2x60 


Obhmgfsce 


Yes 


32 


so 


Female 


2x60 


&Jite*es* 


Yes 


3d 


so 




2x€0 


OjY*d tail 


Yes 


42 


so 


Fenj&le 


2x60 


6aM spate 


Tea 


Ad 


F344 


Feafaie 


2x50 


HockJfretaiP 


Y« 


54 


$0 


Ferjjale 


2x60 


Scaly sJdn 


Y« 


56 


WF 


Faraafe 


28 


Head tih 


Yes 


60 


50 


Femate 


2x60 


Scaly sain 


Yes 


61 


3D 


Mil* 


2x60 


awomm tool 


Vea 


63 


SO 
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2x60 
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64 
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Mafe 
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SO 
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KinfcndB* 


Mo> 


71 


so 
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2x60 


CurtjrhargDdwhfatefl* 





malrfy half the colonies wrll be red and h^Jf 
wtute after accounting fijr a batkground rate 
of red colonies. 



KB*- has b*e* sroctacrf » hmrakar. h 



of &mttxmd diiroerv: protian the ytitt ceils grow poorly and fnnn 
small red coital This, forAvul tad frog, if thcPNAdonar P, 
PUP i» wild type far thej mcorporated gene fagjaent, the aa«y yH'*! 
large while rcloak*. ithowrcr, the done* r« DNA contains a func- 
tional mntHbon in one a&eieof Bttai or Area? in die assayed fragment* 
the tnmdaJkm of a functional hybrid ADE2 protein is previa^d and 
small ird colonies ire produced. In this amy, a fcmctkraal mutation 
for JEtedJ and Brcw2 id a ttc will he heterozygous therefore, apprrnu- 




EsWjashtnertqfifl^taxxito^ 
We looked for disruption of the Sroii feme 
with egDrMas^,foiai*mgimcaxmJl {die 
largest czon, relocating roughly half of the 
cDNA) (fig, 2). This large cum was divided 
tmo three regions of -1,700 tat pair* (bp) 
each, and the second and third fragments 
were used for screening. Primer sequences 
for each fragment are given in 
Supplementary Tkble 2 Ortliue, Wc screened 
gPNA from 788 prevtanlihg F, rat pups 
before finding a mutated Jirai2 allele using 
the raond-fragmem vector (Fig. 2). The 
knockout rat was rjje only one identified 
with this 5«ca2 mutation out of 296 P, o&S 
tprlug screened from this specific muage- 

cither, cneUe&tnig that this gn "Ta ffion 
ms not a preexisting gertnlme mutation m 
thw 5D Cube*. Similar^ the female parent 
produced 40 ofepring. i rvrnrting 10 f fr- 
lennaics of die knockout rat, none of which 
earned the Broa2 mutation. The Bra2 
knockout rat waa detected in wgpM\*iaj by a yeast plate mat 
had oppnmmatzly 45% red colonics and 55% white colonies (fig. 
3a, right dun). The average background of red colonies was very low 
(Hg, 3a, left dish.) 6jr thii gPNA aaaay (115% ± 0^6%, = 10). Next, 
iodrvidoal red and *7h5t£ yri« ^nica we se^u^etl A nonsense 
cranavernon muisrJoa waa detected ai oudeoddc T«tS4 of the Brm2 
cDNA that convened TXT (tyrosine) to Ta A (stopcodon) at T/rl359 
(Fig. 3a, lower panel, upper aid center sequences). A/T-^T/A irans- 
werfion mvirntirma are the most common mutation type (44%) 
found in mice oeaxmg EhlU-induced, phmotypicalry deteerahle 
etacmline mrnrton^, Genomk DNAfrom the founder rai 3983 was 
sequenced and found m contain traridemiealinuiaraOQaa detected u 
the yeast red orjloaues Qfy 3a, Idwct pane!, lower sequence). 

In conKrncdoo wjrfi the gDNA assay, we used the cDNA yeast assay 
whb ike same Bm2 fragment 2 vector; to screen N 2 pups resulting 
ftom the breeding of the brail knockout founder male cat 3985 to 
SD ferrules, Bodk methods identified the«2ne9 outof Upups frwn 
the first finer of cats carrying dtfs 5r«l2 muiaOun, and these results 
confirmed by the direct sequencing of gDNAtrom each N 3 pup. 
This verified the otuiry of the yeasl assay ^tArring rjom either rDVA 
or RNCA, this cDNA assay had a background of 15396 ± Z-0% 
(n =20) for wilnVrype pups and 485% ± 2-1% (n = 36) red colonics 
for knockoiit pups. Sentencing RyvQ fragment 2 DMA of 60 red 
colonies from the cDKA assay of the knockout pupi confirmed this 
baekground fr«rucn<> In mat 17% (10760) of the setjiieiicod done 



fragments lacked the specific stop codon mufailork mteresting^ the 




F^gurel HertaWa phanctypic mutant rats, Male <ats w stan EM J 
and then hrtd tn uroouce F v pups (hat were observed for risible steed 
phersjtoes, Delays of tMse Matieraani%lidin1^bBi2.Tha 
pherwtypic mutants *id a**?) iat$snywn includes (a) line 63 rat wan 
muliple <figitson hW kx*; (h) contrrt ret h'md toet: (Cj line 19 rat nit 
ajowihs on tail; Vmm 44 ral *itft r«^fiket3il;W line 26 (ai with red 
ring eyessfOtine 32 rat nrth sJit ^es;tg) line 71 rat with cun> hair and 
whiskery no ^pe atHKvntaljry; (h) control rat. 
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AC1and(SDX ACtJRira* 
RNApmp 




flncagftoqjqaxdygost cONA&mA truraaiion stays. For fl*aJ and frcagassafr, mala 
rats are btt^^6>K!a|)dbf^ to produce P. duos. DMA and RNAareiseJetedftomtaidinscf ona- 
waavoid f x *ts for Atal and Bnl For the 4 tgort) Bays, a small piece tfw&aJAkifnmAPer 
(SO x Act) Fj at* h woistd and used fo/ WtA tetatian. Total RfUb^^wae-tir^hcrf and both ihe 
J«u^cONA(fln3Jcrj4ar*JlsoU^ 
^sw«?oa*¥ertnn&?eo>aWi20dfw 

*cttr are darned tan nujeotides 3974-W75 and 5464-5548 of «MAoicDNA<«en>>4 no. 
AFft36tw».^reclwdT.Tir»S'aftO y saQuancasfarthe a^^cWaotdcfi^ ffomnude^k^ 
and 6101-H2D4 of the &ca?cOf<A (GanBanfc mRNA>, rtJSpatfwIe. The 

S»J and e>ee2 vectors adoun are dSom that idt$ny^ie4wll« a ^^u>»^th«knoda<i8xA 
t^n^t^^ccenttuaedudi*^ 

of tfa AnttNAseouencetGenfiank no. A8MS5B7). n*p*ct;*V ^k^transtortnt&w, the 
£B*"4»fefcattTOemisdon<il^ 
^genefe«iierAco6fi to a rtn^o^ 
wfoteoalnalttarfinun!^ 
wiB be smaM and red. 



d stxe but otherwise healthy. 
HBstopathologtcal analysis of gonads from 
(he Jfrtitf homozygous nti shows seme 
atrophy that U not observed in the B*c*2 
heterozygous and wOd-type rat gonads 
(Supplementary Fig. 1 oafinc). 

Production of 3 Aral tmitMtrt line 
Castoxnceed gap-repair vectors for screening 
Brtal (Fig. 2) consisted of rvogDKA vectors 
Urged eann II (the largest ezon, tax^a 
fogoveau 1 wod 2) and one cDKU vector tar- 
geting Brail from the Vend of exoo H to the 
cad of the open reading farce (ORF) (frag- 
ment 3 ). Primer sequence? for die three frag- 
ments are given in SuynnVsnentaty Table 2 
online. After screening 1»96$ pups, we identi- 
fied a £rtal mutation In founder rat SSftS 

lifting tha CDNA *my (Flfc 2). This xat was 

the only one wfch thii imitation identified in 
27)oftsprio4 from tlx same rnutaccntzed SD 
father aad ia more than 40 O&ptug. includ- 
ing 14 titiennatcft, from the SD wfld-iype 
mother. The background rate of ted Colony 
formation in this a»*y 12.2% ± 3 3% 

(n e ] t 4is) for wild-Type DMA compared to 
44-3% in the identified mnnun. HapJoid DNA 
from rod yeast cola dies w*S seqvensed, repeal- 
ing a complete loss of Bead enon 22 (74 bp} 
(Pig, 4). We sequenced introns 2J and 22 in 
search of s spiking mutation to explain the 
loss of mis exon. A T— »C mutation was iden- 
tified within the gph'ring branch site of incmn 
21 (TGdOAT to TGG£GXT) (Kg. 4d\e). A 
T/A— >C/C transition muratinn is die second 
moat common type (38%) of ENu-tndueed 
mutations***. The mutation m the branch «tt 
of introo 21 cavied the «pKce donor tto to 
dap over exon 22 and find a branch site in 
nitron 22. This led to splicing out of the 74-bp 
exon 22 and also caused a frameshift down- 
stream from aeon 21, exposing a atop oodon 
at the aeon 23-24 bonkr (Supplementary 
fig, a online). Recently dw ictnak founder 
53BS has produced two itooai heterozygous 
rots out of eight pup* demonstrating 
germHnc transmission of (his mutation. 



background rale tor the] cDNA assay was oireranorderof niagi&ude 
WghtttoWmegE^a^^so^ 

in the cDMA assay cnmesfroni DMA replication etrora m the iron* 
transcription reaction. 

N 2 pups produced from founder ^5 inUuded 35 heterozygous 
taiocfcoute pgr of q pups, demongradng the me ndeiiui inheritance 
of mis knodconi gene. Bna2 heterozygous N 2 male and fbnak rues 
vote hnjd to prodnce Brcti2 honinxygoua knockout piqML The inrio 
of Br**? homozygous bxviout rata m Bnca? heterozygous cats 10 
wild-type rate was appj c wdi naxcly 1:2:1. Body weight dam were col- 
lected for all NjFjpups starting at weaning. The results illustrate a 
deaf phewaype of gfowrh tohiWtlon of male and female Bros? 
homozygous tawekout rats (Hg, 3b). These rats are sterile and 



An anticipated problem natag RNA as a starring matcrbl tor this 
assay k the potential destruction by cell survriDancc mechanisms, 
such as ncrocnK-memated decay (NMD) W1 , of mRNA tran- 
scribed from the mutam allele. We quantified the extent of MMD of 
the mutated Brail mRNA by comparing the yield nf red colonies in 
die knoefcout re* samples mmus background in the wild-type sam- 
ples using the eDNA assay ( 483-1 £_3%) versus the yield of red 
"drmirs in die knockouts minus background using the gPNA assay 
(44^8-0.5%). The same gPNA BrcaZ fragment 2 gap vector w?> 
used tor both the cDNA and gDNA assays. From these results, 
NMD is calculated to occur at en approximate rate of [ 1 - (33/44)] 
or 25%. 
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flpna ldtntifient*ini*a&^ 

wlacb've medium. When gDNA ctftanad bom 9 fat(SD>wtthtaWtlfrlyr« 
aflef&wasassBjed. the resuftaoipiat* contained mostly targewfeto ententes 
(left dan), h contrast when the ONA is from a rat in wnkh one elide of 
e>ra2 was fundfonal ly mutated, the resuttam coignieg were « almost equal 

mixture of red and wrUta colonies Wght dish). Red and wtuta oHoroesfrem 
the oto on ma picked 

^WWt The sequence from white yea* ^artkn (lower panel, upper, 
faprafieiuaova of f our eateries tftsred) fcmwoi wttd-ryperat a^whe«»9 
the sequence tram red colonies (lower panel, Center, reprM«\terti>» of «grt 
colonies tasted) has a bansversfcn mutation ar T4254 (uvfirated by the 
arrow* of tfiaeOfttrTAT (tyrosine) 1 1*A(stnp)l Genomic DMA fram the 
heterozygous taockoul est no. 3983 CfimtfruDnlhTatid A<*nucteofrfe 
4394 as earn in the lower sequence, tenrcscnta ten independent testa). Th* 
sequences s*own in the tc^er panel span nucieondea 4242-4266 of th* rat 
eVctfeDKA, Ch) eto?imoekout body wi^vt phcnoVpt, fob (solid orange 
lines} end female idasnad blue line*) 0rca?hofra^s(A). hderooBMis 

(O) knockout rats and witd-type linennitei (nj *oro weighed through their 
current age of 14 weeks (ewer bars an; ± s-dJ, 



f 




e this feed of fcMD «u modest, we challenged our 
hated assay vA\g a rat A (also iQacnmasc^uaOlocusDac^iQwUdi 
^15% oftbematajiiB^tsarfy^tftTCMn 11 Ag^ri M » «H-»s.» f f ^ 
ai die AO rat any two copies of the wdd-rype locus, whereas 

nona^uritttt^di as Sp carry two id^cJ rnotant aEeka,ea<h with 
two trareafirtg notations Uttejtgeiie- V\fcd<agnedayeaste^ wxim 
for this gene that a&owejd the enaVc ORF to be do ned in «tkj id yeast 
(fig, 2)j We found that pur <DKA assay could routinely detect the A 
n»n*n"on lit (SDxAO) prjps, which had 12.4% ± Ud% (* = 52) red 
colonies, whereas the wdd-type AO group had a background of 4v4% 
± 14% (n = 40) red cokma(P< 0.0001, unpaired iciest), kmd was 
estimated to remove apj>miimA*iy B0% of the RNA c^ded Wn the 
nnjtaiB MdaA^ 

iduuiMjed northern analysis 11 . Note also that the lower background 
rate of 4^% ceJ cea^ fcnnaO^ 

compared so that of teje total (112%, 1.6 kb) and flintf (15.3%. 
1-7 lb) cDNA aicays demonsxraTEi that background u r*vuvwrk>*al k> 
the fine of the gene Or gene fragment being screened. A fiecond esti- 
mate uf background we* obtained by scquendrigfer the Aanwrntion In 
individual red colonic* from a ycasa assay of rhe (SD x AO) F, pops. 
0/ 61 ltd colonies evaluated, Shad rai^rj»tatk>i^grving fl b^^ 
gronnd of Btt, stansrJcafly disrii ^h ri fc from the F| vafac of 12.4% 
± IJ% red colonic* (P<<WXK)l.one-*amp!e ran). 

DISCUSSION , 

We basae established methods to produce knocfoutrauondljra iden- 
tified knockouts for firm! andflnzz2.0iirtechoc4c^rceanbiBafai^ 
cob fa cflkieniro gemhne mdu^encsisby ENU aoxl a yeast-based 
method co ecoiiomic^Ify (-|lo\000 for a 90% dunce of success) and 



xvptfy eaten preweanlSfig F t rat pups from mutagen bed lathers fa 
fonctiooa] ntotation* In lefcOed genes uangywi o^rtcatiofl awayr, 
Tb* fim tdoatmed rai gene w be knodoed out, flroii*^*^, washed 
co bomoty^o sit^ and has a phenotype that mdudes general growth 

mhibSlion and gninoVI atrtphj " berth sexaa. InCerestlngr^ ftarf 

bemoty^oua knockom mice whh omihr mu&rioDS tn eaoon U have 
sbca/a cither e ujUywi ic Lcthalitjr oc cmbryvoiv tvrvhral *«ieh pccana> 
luxe death We have not yd begun phenotypic eWuanon of the 
Brml anodutar cat hiic 

Our EMU assay for me rat provfcfe* a phenotype- drren, ENU- 
mducodninxan^saeenin^ for 

SD rat <nlcn4ed ibc highest single and split dose of b~NU. This and 
aWKry to produce large Gcters led us to choose it far our genotype- 
based rmrmtinn screening. The inbred FS44 strain tolerated h^her 
doses than the very EKU-scnathr WT srrain. It will be important in 

erance of EhTU, at Inbred rats provide a more homogenous genuine 
than the more complex ontbred mi strains, especially if evaluation of 
preexisting germfine mutations u reqoired. However, with einVrr <m 
inbred or outbrcd strain, tt Is important to backxxoss tie knockout 
rntmder to other (he bologoo* strain or another of a desired genetic 
background to eliminate other ENU- induced germb'oe mutations. 
Switching geoetkboc^ronnds n^bCrnOrt c€Sdistin thMHaZlovrz 
the use of speed congrnlr protocols. r\irth tr mo re, to eliminate the 
poasmV confounding eAects of very dco^bnked mutations one can 
screen tor adddnsal attetea of each knndooct using this yeast-based 
technology and evaluate them phenotypicalry. 

Our yease-haaed try nation Screening assays fajrve advan cages and 
dis^dvanta^ that suggest vAlch oftd th^ild he us^d to target *p«id6c 
genes. The gDNA assay 15 raost «?f&ueiil if die sdrcn^d rcne has at least 
oii£ exan krg« ih*o ^jgo-500 bp. In con trast, the tDNA zssay is inde- 
pendent of «nn fibc and can easily hico/po/at* np m ~2^0Q bp per 
vector. Haweinec, the b*4kgrcrand rate of red oafcmr formabon h cfvcj 
an order of magnitude- lower in die gONA assay, making A caakr to 
rdentify mutant rats thron^i red colony lormalioo on the yeast plates. 
These truncation assays aflpw goccning only for mutations thai cptj- 
promise protein tramlarkax sneh as nonsense mutatums and otnvof- 
trame rrampshrft deletion* or inseitjons. The Btcul knocfcoui ril was 
xkntifiod u^a cDhlAyc^ trtincatMn assay in ihc ^ irgion the 

JBrm/ gene Oat consist? of 4 scries of very imallcTDi^NrjMafthe 



NATUBE BIOTECHNOLOGY VOLUME 21 NUMBER ft JUNC2O03 w 











« t. A V t J 6- 











*ga»4 Scr«*r\ing tar o £/t*i knockout m, Yeast cods *«rt tnrvfenned 
tfa Gttoriied gap vector pnd a pcr (refect atvfeted fur Acal fmmnt3 
Wuciefltides3974-S&«|. A Otate with 44.3* red eolvites efl^MMd to 
w««wlSMi^a^haol«oundfiMmfidl other plate*, rt=B9) 
identified * pmmiW knodkwt rat. no. &e&MSoqum««f hopioidm 

«on ZZ (74 bp] is delete*. (Of Tnf SOqirence of h»ploJd OfIA from 1 %nld- 
type wtilte crtotiy <r o ft e^iUC ye of two cotonies tested), Tho arrow in pane! 
a indicates the fust PUCMOUOl 15358J of es*n23,*he«1h*«nowfcp 
panel b indicates the first nucleotide (5285) of exon 22. <c) Thl* drffemnca 
Is hlgwigntKJ o* sequencing a m«u* qrf cONA from boih rar fdie<e$ 
ftemofevm transcript^ 

independent ossfi). to pond* *, h and «, tne sequenoetefbre the arrow Is 
IheyefMCfoOnHL (6) RwuHs of saouencing gDNA from a wiM-type 
SP rat ow a rggort ef jntmn 21 Own contains me snflcfng bramfr site 

fender rat no. S3&S, includes a T-*C mutation (Indicaifid bylne 
anon, wtthin theapdclng Uanch ate. ^we*ce*in4andaap9* 

» uee*n=p of ohm 22, fata the rwXetkn at nudeoUde 24 
i of eaan 2g. Thenx tw l sa q nen og teanom la Its translated tona 



exam covoicdwdd have been psc^tM^^thegDNAtruiiCatiim 
Assay because of Arir sm^ «MWo^ 
would not have been found using other screening methods* such as 
seonendnfc. hcceeoduplex analysis or denaturing bie>i»eTfijrTiiance 
ikjmd chrwtwogf^pbr, because these assays are used to semen only 
die ensns from gDKA. 

^m*jc*OVav*ba<fc*rf 
RNA may not be produced in on w3y coUedibb t&oe and mutant 
WvU myy be lort 10 ft| grear extern by KM IX m these tfodko, we 
demonstrate the ability of a cDNA ytasa-based screening assay to 
detect the A mutant allele despite a high C=rdof MK© in this modd, 
and tins chow die general ability of a >Cu*-b^ screening assay u> 
denser mutants in spkc eronsta NMD. NMD can be minimized by 
I»Tti*aiidi«uSr^ 

the»s inhibitor before SKA eaficcttW Tliii approach lies boon suo 
eesmd for die yeast gap-repair P 53 assay^ and niay b< ean^pcaiaed 
u>mi^ studies by the admmc^ 

to rat pups behxe tissue ai^ce^^h^h^yr^ahnrftvicc^in 
ionibkiing NMD uiing *te protein symhesfa inhibitor emetine* The 
problem of a poe-specme UNA mi being ptxjduoed ^^nu^ may 



be rotated by attendin g the range of biopsy tissues cnlkaod fion 
viable tats (for emmpk. wfalre Mood Cells, fever and skin). In the 
force, sperm from F, male cars of mntHgenbcd fttnen oanai be 
cxynprt$crwed ,7 J and a wife va/kiy of organ-spedik RKAi auiM a!«) 
be colkcted and stmeo\ alao^ wim DNA nxun fpleens or othtf tiua« 
fenrn the same male rats, DNAa or RKAs fom alary fhinAcr of rati 
could mus be aoceaed and the appropriate from apem u«d xo 
reoovtr mutam rats. Sperm ayvpieamtion has been c^bsbedror 
many mouse strains and crosses* and has allowed the recovery of a 
mutam mouse 1 V 

In smKuxury, me technologies presented here provide the m<ans for 
ptodoctng getu^seloetcd bioehooi Hoes for the rax. The pnerarion of 
anuroe rat models should extend out tawwWgc of the genetka 
nnderfviqg hunian o^soaaes and aid U the devclopmouof novel drug* 
to prevent and treat these diseases. 

MEIHOQS 

o^ENUoiotaffSi^imiiumLTlw 

Care and Use COtmnfttec has approwd all eaqperimcntml animal pnacai^ 

<jnmbcd fa thgfl fludka, Wc adrWtiimlrred a jingle or split dose of EMU hy 

iocapeiteoealiik^^ 

dosn at 9 and W wecJcr of age, One of SNV (^s^ra dissolved to 
lOn^<atO^(,ol^eihanolBndtb^ 

btiffiT {02 M JfejHPO^OJ Mditic atid pH Si)) beto* iivcctiofl. paired 

Wni a gTi i ml mala with females of lhesamesn^aynMtstatfi^2-toJ-<yBek 

period* ^egboioa >^ wocfta after the first EhflJ creatnvoL Vk oh^rrM 

ftaakratsavvannslphh^^pt^^ 

rorooxAnosi amln^iraitadonscf^^ 

sji-w e split dose ofEMU 2 x 60 sna/kg body weoJiL 

VMooaakn^nuld^pAwQtlMF, pops* I wooV of ate tor rxmeromokcuk 
(sohsioiLV*alsoiAuall y oV^ 

cal oMopescm at katt t^boWweanaigal21~2edafa^AsBh^of ihr 
i*i phcnotjrpic nratant rats identified was bred to s&nie~SUaio rats to determine 
ij?beiitia« of like phenofypit mtrfarion . Seven] of th* fai Bn« wiih bentibk 
mo&ttl pheno types are uu icudy being nusotsifwd and baduxosud to *Timi. 
nare resMiialENU^ocedpw^o\»n^ 



Albo^oln^top«oo^AXIand<a)xA^ 
laa^iuWdofafAntnMiywtte^ 



Wear con jlrneti o n . The aap yeciat pLSRPS3 cowtaming the pSS eDNA. 1 ^ 3 * 
m d>oted w& ffimUUnd Edtfto rcmovf dwo^s««odtofi*«-|i«-^ 
A44-bp Uolar thalConjamssegneDoe aaoajiag the fine 1 1 amino aeidi otnd 
t^wmsertedatd^Hepdmai^E^fflte^n 
the £a£ else eoo^rted to a imione sue. 1 V A« kaish e^na «c« 
anpKned hy PCR fi«m yost aram yfC»7 (re/, li) DH\ond tnteghittd mu> 
the vLSK&iS pbamid a nV M4 «He to eehewte veew pliKflTo. A un^ 
K^siieirasirttlncd atoms' end of the^l^ 

drop m ArmJ, Bna? or A KQimre rawtttt. En* BtojI, Brm2 or A cassam 

a -16 Kb Owl frajptent, a -I J k& 1 /r^ frs^em or the -500 bp A ORH 
joincdbyapniou^oV4sriRlWhM^ 

easootcs WBt drawled to be m frame AepS3la^andAi>£2KXinaioQ 
(K^a^Vodwo wwc Irttnzn] bcAi» traosfoiinanon dia^atoa 
Anal (20 Uftil) and then punned using a QZAnuid fCK punficatiori Ut 

PNA/HNA eatracxioa, lg twU*: UNA, smaB aedioas of cafe «rcrc Uip=a«l 
^^^tehtax5S^Coi SOQuJof goaomic jyds bn£vconsitfii\gof 20mM TrtJ» 
HapHflAl50ni>4NaaiOOniM£j01AAn<J l'* (w!/*^ SDS. TW fcuft- 
dwd <rf Frwein Pnidpttsnoo Sduibn (C^tr* System) xSdcd to Cm 
lywt* KQluonn, UWA m tbe dear aupcrnatsni w pxtcipitaxed wim &r 
pftipanol. aiirfiod and rasw^^ 
or«kin«etmthat^s*pb^mRNAaol 
niied (Wrtnm fTTlVSS, Kn^ 
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Alnnjinn^ predpitited irxdi uopnjpanol and 
^ere cttucpenied in 3Q pi KNA 
Srm&andkitiOplferA. ! 

Bdwaao tnDMjgttaa<B<fPCR, All prima* caal are Hated fa, S 



PfdV Mature Baatadbflfafl ^ 




- ..... rr -y 

laB&vJoo&ie. cON&ms pynmtt&ed far 3n*J «r 0rai2 from fig tat tail 
total SNA at <2 X to 2 fajaiita 200 U of SuptfScripi n (taAnffa^A dOHA 
^ lywbc m cd&Dmlr-Sg^gfAin total RNAloa la tuctioa. The 20*11 itbc- 



iacdoagflgdDfadUM.ttoiOTBndffil^ 



(AmMoa^ 10 mM PTT, 1-25 mM dNTP mis W QJ* fig Brmi^ 
Bro^fnA-spcaGcyriam.VCSL Wttpofcntdon ljOpJoftbecDNApcod- 
urn w H of gPNA 1 U of Heaeuto (Sroia^) in 20 |tf reaction* 
ojotoiDB| IX HroJaac Mfao <U «M AHT mfai ib4 W p« bHmm (or 
tf^mdfrinl Reaction con<fi^ 

4o>m*7Z^ftHTo^by7iiim*72X.KH^^ 
aaymcOEofcenfacTflfiwy^ 
tradNTft)ftiyi(Llvi«yrui>^iaicqrd^ 
lbo¥CCXttptfaihaanD<^ 

rtcpwwonly i aaan. PC* d^rf and product o^aiUky*««oninAttitaydots 
UOBborcn b a UH(wi/|ol) aerate gd. 

^ ^ ^ocatdoa aad| ftxpcooas. yIC3« (rt£ U) yen> w enimi«d 
**nfljfr«>0^aaYroMe^^ ifaimc(2p0y#nl)to 
M6D w o(OATlkeo£HW waahod and rt^ajpcndcd in m voUjnw of 

EPlA) ocohalCBi to Ac tabu* of iKc cdl pdkt for eidk irasfa^aiicn. 
JO |d of yean BOjecnafao.*ai mated witb. l« ng ofKncorfaed 0p v*ao r| 25jig 
of salmon ytnn canter DNa, ISO jil of UOAcTra/PEO solution (Oil M 
KlKum aorta*. 10 mM Ttfj-HCL pH 8.0, 1 mM UKA. 40% (vi/vol) PtG) 
and 7-5 |d anpurififiia^aj, firm* oM PCR pron^ (fotdvdinnc-loSUj). 
Thi auiURwu fixated fcrJQ nin« W^ibwb^^hodraifoT ISmin 
^a^THitfoa^v^thenpla^ 

««« kocke ad mppfemrmed with few adame (5 jtfl/ml) and tacnbred 
Gar 3 d at 30 «T_ An flotemaed ealnay counter [ProtoCOL, VRaMAogf 
faferoatBaoal)*^ 

CaApklfifo/ nccDNA «toays,4nd tfa.p^^of^colodnpcre.mpk 
^ rosoi4ed.TLe bad^nod file oTitd <na^^ 

tggtbr p wwn taaj r of red colonies fram all pUtm nnr wwh^.^ - Im nl mit 

«PNA t^ieaflplaiwimeoiejyfymspflrtrf 

assay "*t amaBa <-*l), Hun, a oiinfao far th c cONAassyi waflt^lofe]. 

fa-^«««nipaa^wfc»^ilicredao^ 

tameAiLTHsfDnscr**^ 

Most fdx pontic tagtdnBatfodfl^ 

ttquMaang, red and wfail* «*<mics wore picked dii*c0> in la PCR mh, 
mpUflodaodproinedto 

caea rcaoitew^ihea oatU to a 20 nl £jd**npaxiMit*^xt™tiia>*c 
fAppfiadbi9i^ta»lDc)^Q^ 



Thb «*nfc has been soppocud by (crania broihcUSNaiii^hKftia^afHttlm 
(CA2ft994andCA7»o4). 
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